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ORIGINAL RESEARCH

Quantification of Liver Perfusion Using
Multidelay Pseudocontinuous

Arterial Spin Labeling

Xinlei Pan, BS,1 Tianyi Qian, PhD,2 Maria A. Fernandez-Seara, PhD,3

Robert X. Smith, PhD,4 Kuncheng Li, MD, PhD,5 Kui Ying, PhD,6

Kyunghyun Sung, PhD,7 and Danny J.J. Wang, PhD, MSCE4,7*

Purpose: To develop a free-breathing multidelay pseudocontinuous arterial spin labeling (pCASL) technique for quanti-
tative measurement of liver perfusion of the hepatic artery and portal vein, respectively.
Materials and Methods: A navigator-gated pCASL sequence with balanced steady-state free precession (bSSFP) read-
out was developed and applied on five healthy young volunteers at 3T. Two labeling schemes were performed with the
labeling plane applied on the descending aorta above the liver, and perpendicular to the portal vein before its entry to
liver to label the hepatic artery and portal vein, respectively. For each labeling scheme, pCASL scans were performed at
five or six postlabeling delays between 200 and 2000 msec or 2500 msec with an interval of 400 or 500 msec. Multide-
lay pCASL images were processed offline with nonrigid motion correction, outlier removal, and fitted for estimation of
liver perfusion and transit time.
Results: Estimated liver perfusion of the hepatic artery and hepatic portal vein were 21.8 6 1.9 and 95.1 6 8.9 mL/100g/
min, with the corresponding transit time of 1227.3 6 355.5 and 667.2 6 85.0 msec, respectively. The estimated liver per-
fusion and transit time without motion correction were less reliable with greater residual variance compared to those
processed with motion correction (P < 0.05).
Conclusion: The liver perfusion measurement using multidelay pCASL showed good correspondence with values noted
in the literature. The capability to noninvasively and selectively label the hepatic artery and portal vein is a unique
strength of pCASL as compared to other liver perfusion imaging techniques, such as computed tomography perfusion
and dynamic contrast-enhanced MRI.

J. MAGN. RESON. IMAGING 2015;00:000–000.

Liver diseases afflict more than 30 million people in the

US, or 1 in 10 Americans.1 The number of people diag-

nosed with liver diseases such as hepatitis C, nonalcoholic

fatty liver disease, and liver cancer are on the rise both in the

US and worldwide.2 Liver ultrasonography and magnetic res-

onance imaging (MRI) are the two main imaging modalities

for detecting, characterizing, and monitoring treatment

responses of focal and diffuse liver diseases.3–5 Ultrasonogra-

phy remains the first-line imaging modality for examining

liver morphology and blood flow; these are accentuated

through the recent development of elastography. MRI offers

multiparametric examinations of the morphology, perfusion,

and diffusion of the liver. Dynamic contrast-enhanced (DCE)

MRI and MR elastography (MRE) are two emerging tech-

nologies capable of quantitative assessments of liver perfu-

sion/permeability and viscoelasticity, respectively.

Liver perfusion imaging is useful in detecting regional

and global alterations in liver blood flow caused by a range
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of focal and diffuse liver diseases. One important goal of

liver perfusion imaging is to measure hepatic arterial and

portal venous blood flow separately in order to improve the

sensitivity and specificity for the diagnosis of liver diseases.4

In the normal liver, about three-quarters of the blood supply

is provided by the portal vein and about one-quarter is pro-

vided by the hepatic artery.5,6 Certain liver diseases such as

cirrhosis and liver carcinoma can cause both regional and

global liver perfusion changes.7 It has been shown that

malignant neoplasms growing in the liver are largely or

exclusively arterial, thus indicating the possibility of arterial

blood perfusion imaging to detect liver tumors.8,9 In liver

fibrosis and cirrhosis, a decrease of portal and total hepatic

perfusion is observed, as well as increases of arterial perfu-

sion and mean transit time, with preserved or increased dis-

tribution volume.10,11

To date, however, quantitative liver perfusion imaging

remains challenging in clinical settings. For liver perfusion

assessment using DCE-MRI, the dynamic curves should be

analyzed with a dual-input model, because the liver has two

vascular inputs through the hepatic artery and the portal

vein.12 Such kinetic modeling requires both high spatial and

temporal resolutions of DCE-MRI with resilience to respira-

tory motion and other physiological fluctuations. Due to

these limitations, most existing studies have employed quali-

tative assessments during the arterial and hepatobiliary phase

of contrast enhancement. In addition, contrast agents may

induce adverse reactions in patients with renal dysfunction.

Liver ultrasonography can only provide information on

global liver blood flow and may be operator-dependent.

Arterial spin labeling (ASL) is a noninvasive MRI tech-

nique that can provide quantitative measurements of micro-

vascular blood flow or perfusion by using magnetically

labeled blood water as an endogenous tracer. Recent devel-

opments in ASL technologies such as pseudocontinuous

ASL (pCASL)13 have provided relatively reliable assessments

of cerebral blood flow (CBF) or brain perfusion in a variety

of neurologic and psychiatric diseases.14 However, the appli-

cation of pCASL on other organs, and in particular for liver

perfusion imaging, has been limited.

The purpose of the present study was to investigate a

free-breathing liver perfusion imaging protocol by selectively

labeling the hepatic artery and portal vein using multidelay

pCASL scans in conjunction with a navigator-gated bal-

anced steady-state free precession (bSSFP) readout and non-

rigid image registration performed offline.15

Materials and Methods

Pulse Sequence
This study was approved by Institutional Review Board, and writ-

ten informed consents were obtained from all participants before

the MR experiment. Five healthy volunteers (age 21–24, 3 males)

participated in the MR experiments on a 3T MR (Magnetom

TIM Trio, Siemens, Erlangen, Germany) using the body coil as

transmitter and the body array flex coil as receiver.

Figure 1 shows the diagram of the pulse sequence. pCASL

with balanced gradients between label and control acquisitions was

used in combination with a navigator-gated bSSFP readout

sequence.16 The pulse sequence consisted of a presaturation pulse

applied on the imaging slice, followed immediately by the pCASL

pulse train, and a postlabeling delay (PLD) between the labeling

pulse and the bSSFP readout with centric order of k-space acquisi-

tions. The bSSFP readout was preceded by a train of 20 dummy

radiofrequency (RF) pulses with ramp flip angles to minimize tran-

sient signal oscillations. The navigator-echo was applied right

FIGURE 1: Pulse sequence diagram of the proposed free-
breathing pCASL sequence for liver perfusion imaging. The
sequence is composed of a presaturation pulse followed by the
pCASL labeling pulse. After the PLD, a navigator pulse is
applied followed by the bSSFP readout with a train of 20 ramp
RF pulses.

FIGURE 2: Labeling schemes of hepatic artery and hepatic por-
tal vein (a). “Pencil-beam” navigator applied on the right dia-
phragm (b).
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before the bSSFP readout to monitor respiratory motion, which is

formed by a spin-echo “pencil-beam” placed on the right dia-

phragm without intersecting the imaging plane (see Fig. 2).

MRI Experiment
Two series of multidelay pCASL scans were performed on each

subject to measure the blood flow from the hepatic artery and por-

tal vein. As shown in Fig. 2a, the labeling plane (blue line) was

graphically placed at an approximately perpendicular angle on the

descending aorta (above the liver) and the portal vein (before its

entry into liver) correspondingly. Note that the former scheme

(hereafter termed Scheme A) labels the blood in the hepatic artery

only, while the latter scheme (hereafter termed Scheme B) labels

the blood in the portal vein (Fig. 2a). In Scheme B, although the

labeling plane intersects both the descending aorta and hepatic

artery, it causes minimal labeling of the blood in the hepatic artery

(see Simulation below). Therefore, Scheme B primarily labels

the blood in the portal vein. A single coronal slice was acquired

with the following imaging parameters: TR 5 4000 msec, field

of view (FOV) 5 350 mm, matrix size 5 128 * 128, slice thickness 5

8 mm, rate-2 GRAPPA, centric ordering, labeling duration 5 1500

msec, TR/TE of bSSFP 5 3.8/1.9 msec, 30 acquisitions (15 pairs

label/control images) for each PLD. In each of the five subjects,

pCASL scans were implemented with five or six PLDs between 200

and 2000 msec or 2500 msec with an interval of 400 or 500 msec.

The scan time for a single PLD was about 5 minutes with �50%

acceptance rate of navigator echoes (65 mm range of the diaphragm

position at the end of expiration).

Bloch Equation Simulations
In the labeling Scheme B, arterial blood flowing through the

descending aorta into the hepatic artery will experience a double

inversion. Bloch equation simulations were performed to estimate

the effect of this double inversion on the flowing spins magnetiza-

tion. Numerical integration of the Bloch equations was performed

using the approach proposed by Maccotta et al.17 The length of

the hepatic artery was assumed to be 3 cm from its root at the

descending aorta to the entry of liver.18 The mean blood flow

velocity in the hepatic artery was assumed to be 30 cm/s (�60 cm/s

at peak systole and <20 cm/s at diastole).19 pCASL parameters

were identical to those used in the pulse sequence (average RF

amplitude 5 18 mT, average G strength 5 0.6 mT/m, ratio of

maximum to average G strength 5 10). T1 and T2 relaxation values

of 1650 and 175 msec, respectively,20 were assumed for arterial

blood at 3T. A parabolic velocity distribution, corresponding to

laminar flow, was assumed, with velocities ranging from 0 at the

vessel wall to a maximum velocity of 60 cm/s at the center of the

vessel, with an average velocity of 30 cm/s. The efficiency was first

calculated for each individual velocity. Finally, a weighted average

of the efficiencies was computed, taking into account the flow dis-

tribution. Simulations were carried out for the label and control

conditions.

Data Processing and Analysis
Motion correction was performed for both control and label

images during offline postprocessing. The advanced normalization

tools (ANTs: http://www.picsl.upenn.edu/ANTS) were used to cor-

rect for nonrigid body motion in liver ASL MRI by utilizing a

cross-correlation-based symmetric diffeomorphic transformation

between the average template and the target time series images.21

Perfusion-weighted images were obtained by pairwise subtraction

of motion-corrected control and label images. Spikes (or outliers)

in the difference image series were removed once identified as

beyond 2 standard deviations from the mean value (of the 15 dif-

ference images of each PLD) and were excluded, and an average

perfusion-weighted image was generated for each PLD.15,22 For

comparison, perfusion images were generated without motion cor-

rection using ANTs but with the outlier removal as described

above. Several hand-drawn regions of interest (ROIs) of liver tissue

(excluding visible vasculature) were used for measuring the mean

difference signals,23 which were used to fit blood flow and transit

time based on the following two-compartment model24:
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where dM is the pCASL difference signal (label-control); M0

is the equilibrium liver tissue magnetization (control image

intensity); f is liver perfusion; k is the blood/tissue water parti-

tion coefficient (0.9 for both brain and abdominal tissues)25; a
is the tagging efficiency of pCASL, and the value is 0.8516; d
is the transit time from the labeling region to the tissue com-

partment, and da is the transit time from the labeling region

to the vascular compartment; s is the tagging duration; w is

the time interval between the labeling pulse and image acquisi-

tion; R1a is the longitudinal relaxation rate of blood (1/1664

msec21 and 1/1585 msec21 for hepatic artery and portal vein,

respectively),26 and R1app5R11f =k, where R1 is the longitudi-

nal relaxation rate of liver tissue in the absence of blood flow,

the value is 1/809 msec21,27 and the min ( ) function returns

the smallest of its input arguments.

Since the fitting of three parameters f, d, and da was not reli-

able, we made the assumption that the labeled blood spends mini-

mal time in the vascular compartment and immediately exchanges

into liver tissue once it reaches the imaging pixel (ie, da 5 d). This

is a reasonable assumption since, unlike the water exchange in the

brain that has to go through the blood–brain barrier, there are no
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tight junctions between endothelial cells in the blood vessels of the

systemic circulation. Therefore, Eq. (1) can be simplified to Eq.

(2) with two unknown parameters f and d or transit time.
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Data fitting was implemented in MatLab (MathWorks,

Natick, MA) using the curve-fitting toolbox. The nonlinear least

squares method was used to fit the perfusion model to the dynamic

perfusion data. The fitting algorithm was Trust-region; The lower

and upper bounds for the hepatic aorta blood perfusion value were

10 mL/(100g*min) and 60 mL/(100g*min), respectively, and for

the hepatic portal vein were 80 mL/(100g*min) and 200 mL/

(100g*min), respectively; The lower and upper bounds for the arte-

rial transit time were (0.1, 5 sec) for labeled aorta and (0.1, 3 sec)

for labeled portal vein, respectively. The maximum and minimum

change in coefficients for finite difference gradients were 1e-1 and

1e-8, respectively. The maximum number of iterations allowed and

the maximum number of function (model) evaluations allowed

were both 10,000,000. The termination tolerance on the function

(model) value was set at 1e-6.

Results

Bloch Equation Simulation
The estimated labeling efficiency of the “double inversion”

of arterial blood in descending aorta and hepatic artery in

Scheme B was 8.3% during the label condition and 0.8%

during the control condition. Figure 3 clearly shows this

double inversion of the arterial blood as it flows from

descending aorta to the hepatic artery, for a mean velocity

of 30 cm/s. The first inversion takes place at time zero

(when the arterial blood crosses the inversion plane for the

first time). After this inversion Mz experiences longitudinal

(T1) relaxation and the absolute magnitude of Mz decreases

with T1. The arterial blood in the hepatic artery crosses the

labeling plane a second time. In the simulations, the length

FIGURE 3: Evolution of the longitudinal component of the mag-
netization of arterial blood (Mz) as it flows through the labeling
plane in Scheme B at a mean velocity of 30 cm/s, experiencing
a double inversion during the label condition (in red). During
the control condition (in blue), the effect is negligible. The x-
axis represents time, with time 5 0, corresponding to the first
crossing through the labeling plane.

FIGURE 4: Perfusion weighted images at multiple PLDs. Aorta labeled (a) (the color scale indicates the magnitude of difference
perfusion signal (AU), the same for (b)); portal vein labeled (b); Anatomic image for aorta labeled with ROI delineated (c); ana-
tomic image for portal vein labeled with ROI delineated (d). Note the diagonal bright lines in (b) are caused by the labeling plane.
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of the hepatic artery from its root at the descending aorta to

the entry of the liver was considered to be 3 cm. Therefore,

with a velocity of 30 cm/s it takes 100 msec for the blood

to travel from the location of the first crossing to the second

crossing. At time 100 msec, the second inversion inverts the

Mz component that goes from a negative value to a positive

value. Following this second inversion, Mz experiences longi-

tudinal relaxation to its equilibrium value. Note that the label-

ing efficiency of the “single inversion” using pCASL was 85%.

In Vivo Experiment Results
A representative example of the series of perfusion-weighted

images across multiple PLDs is shown in Fig. 4. Liver perfu-

sion can be seen in long PLD (�1.6 sec) images especially

for portal vein labeling. Typical average difference perfusion

signal (dM) curves processed with motion correction of the

two labeling schemes are shown in Fig. 5. The dM signals

are expressed as the ratio of the difference perfusion signal

(dM) over the equilibrium liver tissue signal (M0). As can be

seen, the average fractional hepatic artery and portal vein sig-

nals show an initial upward trend followed by a downward

trend because of the transit delay. For comparison, the aver-

age difference perfusion signal curves processed without

motion correction of the two labeling schemes are shown in

Fig. 6. The model fitting results of a representative subject

are shown in Fig. 7, processed with (Fig. 7a) and without

(Fig. 7b) offline motion correction, respectively. The differ-

ence perfusion images of a representative subject processed

FIGURE 5: Model fitting results with motion correction: Mean fractional difference perfusion signal (dM/M0) measured in hepatic
aorta (left) and hepatic portal vein (right). In vivo (blue line) and estimated data (red line) are shown and error bars indicate stand-
ard deviation.

FIGURE 6: Model fitting results without motion correction: Mean fractional difference perfusion signal (dM/M0) measured in
hepatic aorta (left) and hepatic portal vein (right). In vivo (blue line) and estimated data (red line) are shown and error bars indi-
cate standard deviation.
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FIGURE 7: Model fitting results of a representative subject: with motion correction (a); without motion correction (b).

TABLE 1. Estimated Liver Perfusion Value and Transit Time (With Motion Correction)

Blood flow
(ml/(100g*min)) Transit time

Root mean
square error (%)

Subject number
(age, gender)

Hepatic
artery
labeled

Portal
vein
labeled

Hepatic
artery
labeled

Portal
vein
labeled

Hepatic
artery
labeled

Portal
vein
labeled

Subject 1 (21, M) 21.0 105.7 1196.2 647.7 0.0625 0.0708

Subject 2 (23, M) 18.9 99.2 1124.8 808.3 0.1447 0.0842

Subject 3 (24, M) 24.0 97.0 1810.7 671.4 0.0175 0.2668

Subject 4 (21, F) 22.5 91.6 840.4 622.9 0.0455 0.2062

Subject 5 (23, F) 22.6 82.0 1164.2 585.8 0.0312 0.1091

Mean 6 SD 21.8 6 1.9 95.1 6 8.9 1227.3 6 355.5 667.2 6 85.0 0.0603 6 0.0501 0.1474 6 0.0852

Journal of Magnetic Resonance Imaging
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with and without motion correction are displayed in Sup-

porting Fig. 1. The residual motion artifacts along the upper

edge of the liver in perfusion images processed without

motion correction are removed in perfusion images processed

with motion correction.

The results of quantitative model fitting for each sub-

ject are listed in Tables 1 and 2, processed with motion

correction (MoCo) and without motion correction (W/O

MoCo), respectively. Estimated mean blood flow of hepatic

artery labeled data is (mean 6 SD) 21.8 6 1.9 mL/

(100g*min) and is 95.1 6 8.9 mL/(100g*min) for hepatic

portal vein labeled data. The estimated transit time is

1227.3 6 355.5 and 667.2 6 85.0 msec for the hepatic

artery and portal vein, respectively. For images processed

without motion correction, the estimated perfusion is

26.1 6 17.3 and 80.0 6 0.0 mL/(100g*min), and transit

time is 1225.0 6 1217.9 and 1183.3 6 682.2 msec for the

hepatic artery and portal vein, respectively. As can be seen,

the model fitting results without motion correction showed

much larger variability and residual error (see root mean

square error [RMSE] listed in Tables 1, 2) compared to

those with motion correction (P < 0.05, Wilcoxon signed-

rank test). As a matter of fact, the model fitting ended with

boundary conditions for all five subjects for portal vein

labeled data processed without motion correction.

Discussion

Liver blood supply consists of both hepatic artery and

hepatic portal vein, where hepatic artery accounts for about

25% of the blood supply and hepatic portal vein accounts

for about 75% of the blood supply.5 This study demon-

strated the feasibility for quantifying liver perfusion of the

hepatic artery and hepatic portal vein using a multidelay

pCASL sequence. Compared to existing liver perfusion mea-

surement techniques, such as hepatic venous portal pressure

gradient measurements (HVPG) and DCE-MRI, the pro-

posed multidelay pCASL technique is entirely noninvasive

and can selectively label the hepatic artery and hepatic por-

tal vein, respectively.

Computed tomography (CT) has been used for liver

perfusion measurement. Weidekamm et al28 reported that

the mean normal perfusion values measured by single-

section CT for hepatic arterial, portal venous, and total per-

fusion were 20, 102, and 122 mL/min per 100 mL, respec-

tively. However, the high radiation dose of dynamic CT

scans such as CT perfusion has become a major concern for

patient safety and long-term health. Currently, reliable and

accurate liver perfusion imaging using DCE-MRI remains

challenging in clinical settings given the requirement of

both high spatial and temporal resolutions to differentiate

the dual blood circulation in the presence of respiratory

motion. In addition, gadolinium (Gd)-based contrast agents

are not suitable for patients with renal dysfunction. OneT
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recent DCE-MRI study29 reported hepatic arterial and por-

tal venous perfusion in the normal liver tissue of patients

with intrahepatic cancer to be 22.4 6 8.0 and

120.5 6 30.0 mL/100g/min, respectively. The result of per-

fusion measurement using multidelay pCASL shows good

concordance with the literature values by CT perfusion and

DCE-MRI.

In addition, nonrigid motion correction of free-

breathing abdominal MRI images in conjunction with

navigator-gating using “pencil-beam” are helpful to improve

the reliability of liver perfusion imaging using pCASL, as

shown for myocardium ASL perfusion imaging.15 In the

present study, the estimated liver perfusion using aortic and

portal vein labeling was 21.8 6 1.9 and was 95.1 6 8.9 mL/

100g/min with motion correction. For data processed with-

out nonrigid motion correction, the fitting routine failed to

converge in all five subjects for portal vein labeled data and

boundary values had to be assumed. The residual errors of

model fitting indicated by RMSE values were also much

larger for pCASL data processed without motion correction

compared to those with motion correction. This indicates

the importance of controlling motion both during image

acquisition and postprocessing for ASL perfusion imaging of

liver and other body organs. The fitted arterial transit times

(1227.3 6 355.5 and 667.2 6 85.0 msec for the hepatic

artery and portal vein, respectively) are also in concordance

with literature values on body organs.25 Since the aortic

labeling (Scheme A) is farther away from the liver entry of

the hepatic artery (�15 cm of descending aorta and �3–

4 cm of hepatic artery), the added �600 msec transit time

for the hepatic artery compared to the portal vein is

reasonable.

As an initial attempt for noninvasive and quantitative

liver perfusion imaging, the present study has a few limita-

tions. First, only a single coronal slice through the liver was

imaged using bSSFP to keep the respiratory motion primar-

ily in-plane. Banding artifact was present in a few subjects

at the interface between the liver and the diaphragm,

although we carefully avoided these regions for ROI analy-

ses. In the future, 3D volumetric imaging sequences with

resistance to susceptibility effects such as GRASE (a hybrid

of gradient and spin echo) should be applied for liver perfu-

sion imaging.30 Another caveat of the labeling scheme for

hepatic portal vein is that the oblique labeling plane may

(partially) label the blood in the hepatic artery due to

incomplete “double inversion,” although the numerical sim-

ulations showed this effect to be small (�8%). The varia-

tions of the geometry and blood flow velocities of the

hepatic artery between subjects may also affect the labeling

efficiency of the hepatic artery in Scheme B. One potential

solution would be to place the labeling plane further away

from the liver to avoid the hepatic artery while still labeling

the portal vein, with the assistance of MR angiography

(MRA).

In conclusion, we presented a free-breathing multide-

lay pCASL protocol for quantitative liver perfusion imaging

of the hepatic artery and portal vein, respectively. The capa-

bility to noninvasively and selectively label the hepatic artery

and portal vein is a unique strength of pCASL as compared

to other liver perfusion imaging techniques such as CT per-

fusion and DCE-MRI. In the future, the clinical utility of

liver perfusion imaging using multidelay pCASL should be

evaluated in clinical applications in liver diseases.
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