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Abstract

Purpose—The placenta remains the least understood human organ in large part because of the 

lack of non-invasive tools currently available to examine placental function in vivo. This study 

investigates the feasibility of using velocity-selective arterial spin labeling (VSASL) to assess 

placental perfusion.

Methods—In placental perfusion imaging, VSASL was compared with pseudocontinuous ASL 

(PCASL), which is currently the standard technique in brain ASL. Reproducibility of placental 

VSASL was evaluated using two repeated scans within the same imaging session. Inflow-

dependence of placental VSASL was investigated by modulating VSASL signal using maternal 

inhalation of 100% oxygen and variation of cutoff velocity. All experiments were performed in 

healthy pregnant volunteers at 1.5 T.

Results—Apparent placental perfusion measured using PCASL with two different labeling 

locations was only 16% and 9% of that of VSASL (n=7, p<0.01 for both). Placental VSASL was 

highly reproducible based on within-subject coefficient of variation of 3.5%, repeatability of 19.7 

ml/100 g/min, and intraclass correlation coefficient of 0.97 (n=14). Placental VSASL was also 

found to be dependent on blood inflow given that the absolute change in apparent placental 

perfusion with maternal hyperoxia was significantly larger than that of two repeated scans under 

normoxia (n=7, p<0.01) and there was a significant difference in apparent placental perfusion 

between different cutoff velocities (n=6, p<0.01).

Conclusion—This study demonstrates the feasibility of non-invasive placental perfusion 

imaging using VSASL and lays the groundwork for acquiring placental perfusion images in 

pregnancies at high risk where placental function is impaired.
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Introduction

The placenta plays a central role for fetal growth and development during pregnancy. 

Placental dysfunction is the most common cause of prevalent conditions affecting the viable 

fetus such as fetal growth restriction (FGR) and preeclampsia (1-4). Screening and diagnosis 

of these disorders, however, currently relies on indirect measures to the placenta in large part 

due to the lack of non-invasive tools to examine and monitor placental function in vivo. This 

in turn limits sensitivity and predictive validity of the current examination methods and 

complicates early and reliable detection of abnormal placental function, which is critical to 

open therapeutic windows currently unavailable in high-risk pregnancies complicated by 

placental dysfunction.

Arterial spin labeling (ASL) is a non-invasive, powerful imaging method for measuring 

tissue perfusion, and has extensively been applied in the brain for measurement of cerebral 

blood flow (CBF) (5). While conventional perfusion MRI techniques require the use of 

contrast agents, which are contraindicated during pregnancy, ASL utilizes the water 

molecules in arterial blood as an endogenous contrast agent, making it optimal for 

examining placental perfusion in pregnancy. Currently, pseudocontinuous ASL (PCASL) is 

the standard labeling method in the brain due to its highest signal-to-noise ratio (SNR) 

among existing ASL methods (6). For the organs outside of the brain such as the kidney, 

lung, and heart, flow-sensitive alternating inversion recovery (FAIR) (7,8) has often been the 

labeling method of choice especially in feasibility studies with single slice imaging because 

there is no need to determine the labeling region in this method in the presence of 

complicated arterial path (9-11).

Application of ASL in the placenta faces several challenges. The biggest challenge in 

placental ASL would be to determine the optimal labeling region. This arises from the 

complex path of arterial blood flow to the placenta, which mainly follows the circuitous 

route of the descending aorta, internal iliac arteries, and uterine arteries. In addition, there is 

another route from the descending aorta to the ovarian arteries, which accounts for 15% of 

placental perfusion (12). Using conventional ASL approaches, it may be difficult to find a 

labeling region that has high labeling efficiency and includes all these contributions of blood 

flow to the placenta unless labeling is placed in the descending aorta. This in turn would be 

too far from the placenta, leading to significant reduction of SNR due to T1 decay of the 

label during prolonged arterial transit delay. Second, relatively large blood volume of the 

placenta [approximately 50% (13)] may confound quantification of placental perfusion. 

Because the small extravascular space likely incurs short mean transit time (MTT) of the 

labeled water in the placenta, placental perfusion may be miscalculated using conventional 

ASL methods based on the assumption of no clearance/transition of the label from each 

tissue voxel (14), which is required in the presence of inhomogeneous arterial transit delay. 

Although global placental perfusion (i.e. mean perfusion of all voxels within the placenta) 

Zun and Limperopoulos Page 2

Magn Reson Med. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



may represent correct perfusion values of the whole placenta, regional perfusion measures, 

that likely retain important information, may become erroneous due to this transition of the 

label from one voxel to another with short MTT. A similar issue has been demonstrated 

previously in the application of ASL in the lung, which is another human organ with short 

MTT due to limited water exchange between intra- and extravascular spaces (15). While 

these two challenges will be resolved or less problematic with single-slice ASL, single-slice 

coverage in turn limits its clinical usage. Lastly, placental ASL requires correction for 

placental motion primarily caused by maternal breathing. Motion artifacts in ASL may be 

overcome with the use of motion-resistant image readout and/or excellent background 

suppression across a wide range of T1 values. In 2D single-shot ASL, retrospective motion 

correction is also possible using registration of ASL images with no (or deliberately 

suboptimized) background suppression; however, ASL with non-rigid body registration has 

never been demonstrated in prior studies.

To date, very few studies attempted placental ASL in humans. The first placental ASL was 

reported about twenty years ago from a group that published three subsequent studies using 

presumably the same imaging sequence based on FAIR labeling and a Look-Locker imaging 

scheme at 0.5 T (16-18). While the authors showed reasonable placental perfusion measures 

in their preliminary data, the suboptimal ASL imaging protocol with low SNR and single-

slice imaging coverage failed to demonstrate adequate ASL image quality and a significant 

difference in placental perfusion between low- and high-risk pregnancies. More recently, a 

study reported placental ASL using FAIR labeling with a single inversion time at 1.5 T, 

which is a more optimized ASL approach for humans. However, this study presented an 

analysis of ASL difference signal only, without absolute perfusion quantification (19).

Recently, we have reported placental perfusion measures in pregnancies complicated by fetal 

congenital heart disease (CHD) as well as healthy pregnancies using velocity-selective ASL 

(VSASL), and have demonstrated a significant difference in placental perfusion between the 

two cohorts (20). VSASL was originally developed for brain ASL to correct for errors of 

conventional ASL in the presence of slow or delayed blood flow (21,22). However, we 

propose that VSASL is also well suited for the placenta because VSASL effectively 

addresses the aforementioned challenges of placental ASL. In this method, labeling of 

arterial blood is achieved based on its velocity regardless of location. As such, measurement 

error due to long arterial transit delay can be minimized and all contributions of blood flow 

into the placenta (even the contribution from fetal side) are reflected in the measurement 

without having to determine the labeling region. VSASL also provides uniform arterial 

transit delay, which is zero in principle, and this leads to more accurate assessment of 

placental perfusion compared to conventional ASL methods in the presence of presumably 

short MTT in the placenta. Furthermore, our image acquisition is effective for reducing 

motion artifacts. The spiral-based image acquisition of our method is intrinsically less 

susceptible to motion. Accurate background suppression that is extremely useful for 

reducing physiological noise due to subject motion can be achieved only with 3D image 

acquisition because in 2D multislice imaging, background suppression can be optimized 

only for one target slice. In this study, we demonstrate the feasibility of applying VSASL in 

the human placenta and evaluate its performance for placental perfusion measurements. To 

this end, we compare VSASL against PCASL in the placenta, evaluate reproducibility of 
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placental VSASL, and demonstrate inflow-dependence of placental VSASL to confirm that 

observed VSASL signal reflects blood flow.

Methods

Pulse Sequence

VS labeling was achieved using dual hyperbolic secant (sech) inversion as described in Ref. 

21. Cutoff velocity was set to 2 cm/s, and velocity-encoding gradients were applied in the 

S/I direction with Gmax = 14 mT/m, which avoids significant errors from eddy current in 

VSASL (23,24). The second velocity-encoding for eliminating blood flow higher than the 

cutoff velocity from the ASL images was applied immediately prior to image acquisition. 

Inflow time (TI) of 1600 ms was used. Background suppression was obtained using one 

global saturation and four sech inversion pulses that were applied 2100, 1583, 825, 312, and 

81 ms prior to image acquisition, respectively. This combination of sequence timing was 

found using the optimization process that considered relaxation effects of not only T1 but 

also T2 of static tissues, because T2 decay during VS labeling pulse (duration = 21 ms) was 

non-negligible. Signal attenuation from diffusion effect of VS labeling pulse is expected to 

be up to 0.08% of MO (equilibrium magnetization) in the placenta based on the b-value of 

0.34 s/mm2 of our current pulse sequence and the reported apparent diffusion coefficient 

(ADC) values of the human placenta, which is in a range of 0.001–0.0024 mm2/s (25-27). 

This is negligible compared to ASL signal of 5.6% of MO, based on our placental VSASL 

scans in healthy pregnant women (20). Image acquisition was performed using fast-spin-

echo 3D stack of spirals with 8 interleaves in the axial orientation. Imaging parameters 

included TR/TE = 2615/10 ms, FOV = 36–50 cm, matrix size = 64 × 64, number of slices = 

36–44, and slice thickness = 4 mm. ASL imaging with NEX = 5 was followed by proton-

density imaging, which was performed using saturation recovery with the same image 

readout as ASL imaging. Measured proton-density signal was corrected for the effect of T1 

relaxation. Total scan time of placental VSASL was 3:55 min. 2D T2-weighted single-shot 

fast spin echo imaging was also performed for anatomical imaging

Reconstruction

ASL images were reconstructed using sensitivity encoding (SENSE) (28) with the reduction 

factor R=1, (also known as optimal B1 reconstruction) to optimally combine complex signal 

from all coil elements even when signal is close to zero (9,29,30). Coil sensitivity maps were 

generated from proton-density images. All reconstruction process was performed using 

customized MATLAB (MathWorks Inc., Natick, MA) scripts.

Quantification

ASL quantification of placental perfusion f (in unit of ml/100 g/min) was performed based 

on the following equation modified from Buxton's general kinetic model (14).
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f = (C − L) ⋅ λ

M0 ⋅ τ ⋅ e
− TI

T1B . (1 − e
−

Tsat
T1B ) ⋅ e

−
2 ⋅ TElabel

T2B ⋅ α

[1]

where C, L, and M0 are the signal intensities in the control, labeled, and proton-density 

images, λ is the tissue-blood partition coefficient [0.9 ml/g that has been used for abdominal 

tissues (31, 32)], τ is the time between the first and second VS labeling pulses, TI is the time 

between the first VS labeling and image acquisition, Tsat is the time between global 

saturation and first VS labeling pulses, T1B is T1 of blood [1350 ms at 1.5 T (5)], TElabel is 

the duration of VS labeling, T2B is T2 of blood [290 ms at 1.5 T (33)], and α represents the 

total inversion efficiency of four adiabatic inversion pulses in background suppression [0.75 

(34)]. The placenta was manually segmented on proton-density images of the subject, and 

global placental perfusion was calculated by averaging perfusion of all voxels within the 

placenta of each subject. For multiple placental ASL scans that were performed 

consecutively in each subject as described below, identical segmentation of the placenta was 

used to avoid changes in placental perfusion measurement due to inconsistent segmentation.

Experimental Setup

All scans were performed on a GE MR450 1.5 T scanner (GE Healthcare, Waukesha, WI, 

USA) with gradients supporting Gmax of 50 mT/m and slew rate of 200 mT/m/ms. The 

body coil and an eight-channel phased array cardiac coil were used for RF transmission and 

reception, respectively. In this study, only healthy pregnant volunteers with a normal 

prenatal history and normal ultrasound screening/biometry were recruited during their 

second or third trimester of pregnancy. Exclusion criteria included multiple gestation 

pregnancies, congenital infection, and documented chromosomal abnormalities. Subjects 

were scanned either in the supine or lateral decubitus position depending on the subject size 

and their preference. This study was approved by the institutional review board of Children's 

National Medical Center. All pregnant volunteers provided written consent in accordance 

with institutional policy.

Comparison with PCASL

Placental VSASL and PCASL scans were performed consecutively in seven healthy 

pregnant volunteers [gestational age (GA) at MRI = 25.4 ± 4.7; range 21.9 – 35.4 weeks]. 

These two imaging sequences shared the identical image acquisition described above. 

PCASL was performed twice with two different labeling positions; the labeling plane was 

placed 2.2 cm above and below the axial imaging slab for each case, avoiding an overlap 

between imaging slab and labeling plane. In the former case, the labeling plane was placed 

in the descending aorta perpendicular to the blood flow in it. While this would label all 

arterial blood flowing into the placenta, the labeling plane may be too far from the placenta 

leading to ASL signal loss. In the latter case, the labeling plane was presumably placed near 

the uterine arteries thus being closer to the placenta; however the labeling plane may be even 

lower than the uterine arteries depending on the location of the placenta, resulting in almost 

no labeling. Other imaging parameters of PCASL included labeling duration = 1450 ms, 
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post-labeling delay = 2025 ms, TR = 4837 ms, and NEX = 3. Background suppression was 

achieved using one saturation and five inversion pulses at 4322, 3510, 2005, 903, 325, and 

73 ms prior to image acquisition, respectively. Total scan time was 4:20 min. Perfusion 

quantification of PCASL data was performed using the standard method described in Ref. 5 

and 14.

Reproducibility

To test reproducibility, placental VSASL scan was repeated back to back within the same 

scan session without repositioning of the subject in fourteen healthy pregnant volunteers 

(GA at MRI = 27.8 ± 5.3; range 21.4 – 35.4 weeks). A rank correlation coefficient, Kendall's 

τ was calculated to verify that the within-subject difference was independent of the within-

subject mean (35). Reproducibility was then assessed using the following parameters that 

are commonly used in other studies (36-41).

1. Within-subject standard deviation(wsSD) mean(SD2) = ∑k = 1
n (xk − yk)2/2n

where SD is the standard deviation of the two measurements, xk and yk of the kth 

subject among total of n subjects (35).

2. Within-subject coefficient of variation (wsCV) was calculated using two 

approaches by using wsCV mean(CV2) where CV is the coefficient of variation 

of each subject and by using wsCV = wsSD/μ where μ is the overall mean of all 

repetitions and subjects (35).

3. Repeatability =√2×1.96×wsSD. The difference between the repeated 

measurements for the same subject was expected to be less than this interval with 

a probability of 95% (35).

4. Intraclass correlation coefficient (ICC) was calculated using the two-way mixed-

effect model as follows.

ICC = MSB−MSE
MSB+(k − 1) ⋅ MSE [2]

where MSB is the mean square between-subject error and MSE is the mean 

square error. ICC ranges from 0–1, and values closer to 1 indicate higher 

reliability (42).

Response to Maternal Hyperoxia

Maternal hyperoxia was employed to modulate VSASL signal in the placenta. Changes in 

placental VSASL signal with hyperoxia do not necessarily indicate changes in placental 

perfusion because apparent ASL signal is also a function of T1 of blood, which decreases 

with increased oxygenation in the blood. Nevertheless, by showing alteration in VSASL 

signal inflow-dependence can be demonstrated. Maternal hyperoxia was induced by 

allowing 100% oxygen (15 L/min) into the facial oxygen mask (Ceretec, Inc. Garden Grove, 

CA) worn by the subject. Placental VSASL with hyperoxia was performed in seven healthy 
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pregnant women (GA at MRI = 30.4 ± 5.7; range 21.4 – 35.4 weeks) using two slightly 

different schemes. In three subjects, oxygen was inhaled for 4 min and was stopped 

immediately before the placental VSASL scan started. In remaining four subjects, oxygen 

inhalation was started 2 min prior to the start of VSASL scan and was maintained during the 

VSASL scan (i.e. oxygen inhalation for 5:55 min). These seven subjects were a subset of 

subjects in the reproducibility test described above, and in these subjects the experiment 

with hyperoxia was performed immediately after the reproducibility test. Quantification of 

VSASL with hyperoxia was performed using proton-density images acquired before oxygen 

inhalation in order to avoid the effect of T1 change of the placenta under hyperoxia.

Varying Cutoff Velocity

Three placental VSASL scans were performed using cutoff velocity of 2 cm/s, 4cm/s and 

infinity (i.e. no labeling). Larger cutoff velocity is expected to generate the label farther from 

the imaging region, leading to reduced apparent VSASL signal. However, because one can 

argue that these apparent ASL signal changes are due to different sensitivity to subject 

breathing motion rather than to blood flow, 2D VSASL was also performed in the same 

subjects to demonstrate that the contribution of subject motion to VSASL signal is not 

significant. This 2D VSASL sequence used the same VS labeling pulse as in the proposed 

3D VSASL, but used 2D multislice single-shot spiral imaging, which acquires ASL images 

of the whole imaging region every TR unlike the segmented imaging in 3D VSASL. The 

sequence was performed using an interleaved scheme of three different TRs with cutoff 

velocity of 2 cm/s, 4 cm/s, and infinity (i.e. order of TRs: TR1–TR2–TR3–TR1–TR2–TR3- 

… where TR1, TR2, TR3 are the TRs with cutoff velocity of 2 cm/s, 4cm/s and infinity, 

respectively). The total number of TRs in this scan was 90 and the number of labeled images 

with each cutoff velocity was 30. For data analysis, a small ROI was segmented in the 

middle of the placenta on a selected slice such that the ROI remained within the placenta 

across time series in the presence of misregistration due to subject motion. Average labeled 

signal in the ROI was measured for each TR, and the time series of the average signal were 

grouped separately for each cutoff velocity. Temporal standard deviation (SD) of the labeled 

signal for each cutoff velocity was then calculated. The time series of average signal can be 

modeled as a sum of perfusion-related constant signal and two random variables, Np and Nm 

where Np represents the physiological noise that would be observed if conventional ASL 

methods were applied, and Nm represents the noise due to signal reduction caused by subject 

motion at the time of VS labeling. Because these two random variables are uncorrelated, the 

overall temporal SD of the labeled signal, σ can be expressed as σ = σp
2 + σm

2  where σp and 

σm are the SD of Np and Nm respectively. Temporal SDs with three different cutoff 

velocities were compared to each other to determine whether σ decreased as σm decreased 

by raising cutoff velocity. No significant difference in σ was expected between different 

cutoff velocities if σm was negligible compared to σp. Other imaging parameters for 2D 

VSASL included TE/TR = 16/5000 ms, TI = 1630 ms, FOV = 360–380 cm, matrix size = 64 

× 64, 6-mm slice thickness with 2-mm slice gap, and number of slices = 12. Background 

suppression was achieved using one saturation and two inversion sech pulses placed at 4453, 

1620, and 410 ms prior to image acquisition respectively. Total scan time of 2D interleaved 
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VSASL was 8:04 min. This experiment was performed in six healthy pregnant women (GA 

at MRI = 32.2 ± 2.3; range 28.3 – 34.4 weeks).

Results

Comparison with PCASL

Figure 1 shows the apparent placental perfusion measured using VSASL and PCASL with 

the labeling planes above and below the imaging slab. Apparent placental perfusion was 

significantly higher with VSASL than either PCASL method using a paired t-test (p < 0.01 

for both). The ratio of apparent placental perfusion measured using PCASL to VSASL was 

16 ± 12% and 9 ± 11% with upper and lower labeling planes, respectively. PCASL with two 

different labeling locations showed different patterns of perfusion for each subject, 

depending on the location of the placenta in the uterus. In Subject 1–4, the placenta was 

located at a relatively lower position in the uterus and the apparent placental perfusion signal 

was higher with the upper labeling plane versus lower labeling. In Subject 5–7, the placenta 

was located at a relatively higher position in the uterus and the apparent placental perfusion 

was higher with the lower labeling plane versus upper labeling. Figure 2 compares ASL 

images measured using different labeling approaches in Subject 4 and 6 from Figure 1, 

whose placenta was located lower and higher in the uterus respectively. In each subject, all 

ASL scans used the same prescan parameters and all ASL images are windowed identically. 

Both subjects exhibited lobulated patterns of perfusion signal when ASL SNR was adequate. 

It can be seen that in the PCASL images, only the regions inside the lobules showed high 

ASL signal whereas in the VSASL images, regions outside the lobules showed a fair amount 

of ASL signal in addition to high signal inside the lobules. This was the major contribution 

to the difference in apparent placental perfusion between VSASL and PCASL.

Reproducibility

Correlation and Bland-Altman plots of the two, repeated VSASL scans are shown in Figure 

3. Kendall's τ was found to be 0.12 (p = 0.59) and confirmed that there was no significant 

correlation between the difference and magnitude of the placental perfusion measurements. 

Placental VSASL demonstrated high reproducibility based on the following metrics: wsSD 

= 7.1 ml/100 g/min (note that overall mean of placental perfusion in this experiment was 195 

ml/100 g/min); wsCV was found to be 3.4% by using the root mean square approach and 

3.6% by dividing wsSD by overall mean; repeatability = 19.7 ml/100 g/min; ICC = 0.97.

Response to Maternal Hyperoxia

Figure 4 compares the apparent placental perfusion in response to maternal hyperoxia with 

the placental perfusion measurements from the reproducibility test. Subject 1–3 inhaled 

100% oxygen for 4 min and Subject 4–7 inhaled for 5:55 min as described above. In both 

schemes of inhalation, apparent placental perfusion either increased or decreased with 

hyperoxia for each subject. The change in placental perfusion between the two repeated 

measurements under normoxia was -0.2 ± 2.8% and the change between normoxia and 

hyperoxia (i.e. between ‘VSASL repeat’ and ‘VSASL hyperoxia’ denoted in Figure 4) was 

-1.9 ± 16.6%. There was no significant difference between these three placental perfusion 

measurements; however, absolute difference in apparent placental perfusion between 
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normoxia and hyperoxia was significantly larger than that of two repeated measurements 

under normoxia (p < 0.01). Representative VSASL images from two subjects are 

demonstrated in Figure 5. Again, in each subject, all three VSASL scans used the same 

prescan parameters and all three VSASL images are windowed identically.

Varying Cutoff Velocity

Figure 6 shows the apparent placental perfusion measured using VSASL with cutoff velocity 

of 2 cm/s, 4 cm/s, and infinity. The differences between three measurements were all 

statistically significant (p < 0.01 for all). With respect to the placental perfusion measured 

with cutoff velocity of 2 cm/s (default for all other experiments in this study), the ratio of 

apparent placental perfusion measured with cutoff velocity of 4 cm/s and infinity was 71.2 

± 15.1% and 0.2 ± 3.5%, respectively. This demonstrated that apparent placental perfusion 

was reduced as cutoff velocity increased as expected. In the same subjects, interleaved 2D 

placental VSASL scan was successfully performed, with mild misregistration between time 

series. The area of ROI segmented in the placenta was 10.2 ± 4.3 cm2. The temporal SD of 

average labeled signal in the ROI was calculated for each cutoff velocity and was normalized 

by proton-density signal for comparison between subjects (see Figure 7). There was no 

statistically significant difference in the temporal SD between the three cutoff velocities (p > 

0.1 for all), which confirmed that contribution of subject motion to VSASL signal was not 

significant.

Discussion

This study demonstrates the feasibility of non-invasive placental perfusion imaging using 

VSASL. In our results, VSASL showed markedly enhanced average ASL signal within the 

placenta compared to PCASL mostly due to the increased ASL signal outside the lobules. 

Placental VSASL also showed high reproducibility, despite the intrinsically large motion of 

the placenta and a labeling method that is sensitive to it. Lastly, placental VSASL 

demonstrated the dependence on blood inflow by responding to 100% oxygen inhalation and 

varying cutoff velocity. In keeping with our previous study, where placental perfusion 

measured in healthy pregnancies using VSASL was consistent with the literature values of 

total placental volume flow based on ultrasound (20), this study supports the feasibility of 

placental VSASL for quantifying meaningful perfusion signal in the human placenta.

The biggest difference of our approach from the previous placental ASL studies is the use of 

VSASL, which enabled the whole placenta coverage with adequate ASL signal in the 

placenta. While those early studies deployed the FAIR technique from brain ASL, the 

current standard ASL method in the brain is PCASL, which was introduced relatively 

recently (6). Therefore, it seemed appropriate to compare VSASL with PCASL for placental 

perfusion imaging because at minimum PCASL is expected to achieve higher SNR than 

FAIR. In our results, VSASL demonstrated significantly higher ASL signal within the 

placenta than PCASL. This was mainly because of the considerable ASL signal outside of 

the lobules on the VSASL images. As demonstrated in pregnant rhesus macaque using 

contrast agent in Ref. 43, these regions outside the lobules show far longer arterial transit 

delay compared to the regions inside the lobules. Although PCASL showed brighter signal 
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than VSASL inside the lobules where arterial transit delay is likely shorter than the post-

labeling delay (Subject 4 with PCASL upper label and Subject 6 with PCASL lower label in 

Figure 1), PCASL showed near-zero signal outside the lobules presumably due to very long 

transit delay of arterial blood, resulting in significantly lower global placental perfusion 

measurements compared to VSASL.

While VSASL demonstrated significantly higher ASL signal than PCASL with either 

labeling location, comparison of PCASL data between these two labeling locations provides 

further insight into arterial blood path to the placenta. In the subjects with the placenta 

located relatively lower in the uterus, PCASL with lower labeling showed almost zero ASL 

signal probably because the labeling plane was located even lower than the uterine arteries 

where blood flow changes its direction from downward to slightly upward. Using upper 

labeling in these subjects, ASL signal was much higher because the arterial blood labeled in 

the descending aorta is likely to arrive at the placenta in a relatively short time. On the other 

hand, in the subjects with the relatively higher placenta, lower labeling generated higher 

ASL signal than upper labeling. It can be speculated that this is because the lower labeling 

plane was closer to the imaging region. However, the labeling efficiency of lower labeling 

plane in this case may be compromised because the velocity of blood flow at this level may 

be slower than the range of target velocity of pseudocontinuous labeling pulse and/or 

because blood flow may be labeled twice (firstly in the descending aorta and secondly in the 

uterus), negating the labeling effect. Again, VSASL generated sufficient perfusion signal in 

the placenta regardless of the location of the placenta, without the need to determine the 

labeling location.

The reproducibility of proposed placental VSASL was found to be high. Previous studies 

have demonstrated reproducibility of brain ASL within the same day, despite the use of 

different labeling schemes between studies (36,37,41). Floyd et al. found that wsSD was 3.0 

ml/100 g/min and wsCV was 5.8% in their study using two ASL scans from separate 

imaging sessions one hour apart. Jahng et al. showed that wsCV was 1 – 6% and ICC was 

0.78 – 0.81 within a single two-hour imaging session, using a few different ASL methods. 

Henriksen et al. demonstrated wsSD of 1.8 ml/100 g/min and wsCV of 4.8% using two ASL 

scans performed within a single imaging session of 90 min. Our results demonstrated a 

slightly higher reproducibility compared to these values. While this may be attributed in part 

to the fact that the placental VSASL scan was repeated back to back without repositioning of 

the subjects in our study, this confirms the high precision of the proposed measurement 

technique when physiological and environmental variations are minimized.

In this study, two experiments were performed to modulate ASL signal, thereby 

demonstrating inflow-dependence of placental VSASL signal. One way of modulating ASL 

signal was to utilize maternal hyperoxia induced by inhalation of 100% oxygen. Similar 

studies with a hyperoxia challenge have been performed in brain ASL (44 – 47). With 100% 

oxygen, these prior studies reported approximately a 20% decrease in ASL signal in the gray 

matter, which is most likely due to reduced T1 of blood caused by increased concentration of 

dissolved oxygen in the plasma, which acts as a weak paramagnetic contrast agent (45). 

After compensation for reduced T1, they demonstrated a 2 – 7% decrease in CBF in the 

same regions. On the basis of Eq. 1 and literature values of T1 of blood at 1.5 T during 
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normoxia and hyperoxia (48,49), blood T1 change with 100% oxygen is expected to cause 

approximately a 10% decrease in our placental VSASL signal. However, another factor that 

must be considered in VSASL is the increased T2 of blood due to reduced deoxyhemoglobin 

under hyperoxia (50), given that in VSASL, T2 decay also occurs in the label during the two 

VS labeling pulses as shown in Eq. 1 (total duration: 2 × 21 ms = 42 ms). This effect alone is 

expected to cause a 7% increase in VSASL signal. Combining these two factors, the overall 

change in VSASL signal may be positive or negative depending on the actual amount of T1 

reduction and T2 increase in each subject. This may explain inconsistent changes in apparent 

placental perfusion between subjects in our results. Nevertheless, the absolute change in 

apparent placental perfusion with hyperoxia was significantly larger than those of 

repeatability test, which demonstrates that placental VSASL signal is dependent on blood 

inflow.

The other method used to modulate VSASL signal in this study was to vary cutoff velocity. 

As expected, our data showed that apparent placental perfusion significantly decreased with 

increasing cutoff velocity given that increasing cutoff velocity has the effect of generating 

the label more distant from the imaging region. Although not practical for placental 

perfusion measurement because of low SNR and suboptimal background suppression, 2D 

VSASL with single-shot imaging was performed to confirm that contribution of subject 

respiratory motion to VSASL signal is not significant. Compared to control images (i.e. 

images without label), labeled images in VSASL contain signal reduction contributed by any 

moving sources, such as blood flow (i.e. contribution of true perfusion) and subject motion. 

Because the VS labeling pulse was not gated to respiration of subject, the additional signal 

reduction due to respiratory motion must vary across time series of 2D VSASL. This can be 

considered a noise distribution with a non-zero mean and SD proportional to the mean. 

Cutoff velocity in 2D VSASL was changed to vary the SD of this noise, but there was no 

significant difference in the overall SD, demonstrating that the SD of this noise is negligible 

compared to the SD of the baseline physiological noise and therefore the mean of this noise 

is also negligible.

Given that presently there exists no gold-standard method for measuring perfusion of the 

human placenta in vivo, direct validation against a ground truth is complicated. Therefore, 

this study was designed to provide evidences supporting the use of VSASL to evaluate 

placental perfusion. A definitive validation of placental VSASL is still warranted and may 

be performed using a gold standard perfusion measurement technique such as positron 

emission tomography (PET) or radioactive microspheres in animal models.

In the setup of VSASL, one important parameter is cutoff velocity. Given that VSASL 

perfusion is measured based on the amount of blood flow that decelerates from above this 

velocity to below this velocity, this value must match blood velocity in the small arterial 

vessels that are very close to or within imaging voxels. The typical value for the cutoff 

velocity in brain VSASL is 2 cm/s on the basis of blood velocity measured in the arterioles 

of the cortical regions (21,22). In the placenta of normal pregnancies, Kurjak et al. (51) 

reported maximum velocity of blood ranging from 25 to 37 cm/s in the intervillous space in 

all three trimesters, and Alouini et al. (52) and Mäkikallio et al. (53) found maximum blood 

velocity of 3 – 5 cm/s in the intervillous space in the first trimester. While Kurjak et al. (51) 
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reported markedly higher blood velocity than the other two studies, in either case, 2 cm/s 

seems acceptable for the cutoff velocity of placental VSASL even after converting maximum 

velocity to mean velocity on the assumption of laminar flow, which likely holds true for 

these low velocity ranges. Furthermore, in the setting of placental dysfunction, blood 

velocity in the placenta may differ from normal pregnancy. While Mäkikallio et al. (53) 

found no significant difference in blood velocity in intervillous space between healthy 

pregnancies and pregnancies complicated by preeclampsia, further investigation of optimal 

cutoff velocity may be required in other pathological conditions of the placenta.

Another parameter setup in VSASL that may affect perfusion measurement is the direction 

of velocity encoding. Wong et al. demonstrated that CBF measured using VSASL becomes 

isotropic with respect to encoding direction for lower cutoff velocity, all comparable to CBF 

measurement from conventional ASL (21). This is in large part because of the tortuosity of 

small arterioles in the brain. Similarly, in the placenta, maternal arterial blood that is 

delivered from the spiral artery to the central cavity of the intervillous space disperses 

radially (i.e. in all directions) between the fetal villous trees, which also provide the tortuous 

path for fetal blood inflow (54). We postulate that placental VSASL exhibits no significant 

sensitivity to velocity encoding direction; however this remains to be validated in future 

work.

ASL imaging (in any organs) during pregnancy may require knowledge of altered relaxation 

times of blood or separate measurements of relaxation times in each subject for accurate 

quantification, regardless of the labeling method. Despite no available literature on direct 

measurement of blood T1, reduced hematocrit in pregnancy [from 40% to 35% (55)] likely 

increases T1 of maternal blood. T1 of fetal blood is also expected to be longer than that of 

adults due to the presence of fetal hemoglobin (56). Notably, overestimation of placental 

perfusion due to altered relaxation times was calculated to be much lower with VSASL 

(including longer T2 effect) than PCASL (approximately 6% versus 11%) in our current 

imaging protocol.

Although we successfully demonstrated the feasibility of placental VSASL, the current 

setup of VSASL may be further optimized for placental perfusion imaging. First, our dual 

sech VS labeling pulse may be replaced by BIR-8 based pulses to reduce sensitivity to 

increased B1 inhomogeneity in the abdomen (23,24). This will improve labeling efficiency 

of VSASL and the benefit will be even higher at higher field strengths. Second, the current 

axial orientation of the imaging slab can be changed to oblique orientation such that the 

short axis of the placenta can be aligned with the through-plane direction, leading to 

reduction of the number of slices and therefore reduction of scan time. Lastly, despite the 

pros and cons of long/short TI in VSASL (57), theoretically optimal TI for maximal SNR 

corresponds to T1 of blood, which is 1350 ms at 1.5 T. Reduced TI will also reduce the scan 

time and may be beneficial for reducing the potential error from short MTT of the placenta. 

However, the estimated SNR loss due to the current, longer TI (1600 ms) is less than 2%. 

These optimizations are currently underway.
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Conclusion

We have demonstrated the feasibility of non-invasive placental perfusion imaging using 

VSASL, which enabled whole placenta coverage with enhanced SNR. Placental VSASL 

generated significantly higher ASL signal than PCASL and showed high reproducibility 

within the same imaging session. Also, placenta VSASL was found to be dependent on 

blood inflow based on modulation of VSASL signal using 100% oxygen inhalation and 

variation of cutoff velocity. This study supports the use of VSASL in placental perfusion 

imaging and provides a framework for future investigation of placental perfusion imaging in 

pregnancies complicated by placental insufficiency such as FGR and preeclampsia.
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Figure 1. 
Apparent placental perfusion measured using VSASL and PCASL with labeling plane above 

and below the imaging slab. VSASL showed dramatically higher perfusion measurement 

than either of PCASL methods in all subjects. With PCASL, upper labeling showed higher 

placental perfusion signal in the placenta that was located relatively lower in the uterus 

(Subject 1–4) and lower labeling showed higher placental perfusion signal in the placenta 

that was located relatively higher in the uterus (Subject 5–7).
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Figure 2. 
Comparison of placental ASL images acquired using different labeling methods as well as 

localizer and anatomical images in Subject 4 and 6 from Figure 1. As shown in the localizer, 

the placenta was located relatively lower in Subject 4 and higher in Subject 6 inside the 

uterus. The common imaging slab of VSASL and PCASL and the two different locations of 

the labeling plane of PCASL are shown in the localizer images. In the other images, the 

placenta is delineated with the dotted line. PCASL signal in the placenta was higher with 

upper labeling in Subject 4 and with lower labeling in Subject 6, compared to the other 

location of the labeling plane. For both subjects, the average VSASL signal in the placenta 

was substantially higher than either PCASL scheme.
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Figure 3. 
Correlation (a) and Bland-Altman (b) plots of two repeated measurements of placental 

perfusion measured using VSASL back to back in the same scan session. In b, solid and 

dotted lines represent the mean difference and 95% limits of agreement respectively.
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Figure 4. 
Apparent placental perfusion in response to maternal hyperoxia induced by 100% oxygen 

inhalation, compared to the repeated measurements of placental perfusion before oxygen 

inhalation. During hyperoxia, apparent placental perfusion decreased in Subject 1, 2, and 5, 

and increased in the other subjects.
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Figure 5. 
Placental VSASL images of the reproducibility test (baseline, repeat) and hyperoxia scan 

acquired in Subject 4 and 7 from Figure 4. The placenta is delineated with the dotted line. 

While VSASL signal in the placenta was similar between the two scans before oxygen 

inhalation for both subjects, VSASL under hyperoxia demonstrated reduced signal in 

Subject 2 and increased signal in Subject 7 compared to their VSASL signal under 

normoxia.
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Figure 6. 
Apparent placental perfusion measured using VSASL with cutoff velocity (Vcut) of 2 cm/s, 

4 cm/s, and infinity (i.e.no labeling). Apparent placental perfusion was reduced significantly 

as cutoff velocity increased.
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Figure 7. 
Temporal standard deviation (SD) of 2D VSASL labeled signal time series in an ROI drawn 

within the placenta, with cutoff velocity of 2 cm/s, 4cm/s and infinity. No significant 

difference was present between the three cutoff velocities, confirming that contribution of 

subject motion to VSASL signal was not significant.
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