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Abstract

Purpose: Non-invasive measurement of cerebral venous oxygenation (Yv) in neonates is 

important in the assessment of brain oxygen extraction and consumption, and may be useful in 

characterizing brain development and neonatal brain diseases. This study aims to develop a rapid 

method for vessel-specific measurement of Yv in neonates.

Methods: We developed a pulse sequence, named accelerated T2-relaxation-under-phase-contrast 

(aTRUPC), which consists of velocity-encoding phase-contrast module to isolate pure blood 

signal, flow-insensitive T2-preparation to quantify blood T2, and turbo-field-echo (TFE) scheme 

for rapid image acquisition, which is critical for neonatal MRI. A series of studies were conducted. 

First, the pulse sequence was optimized in terms of TFE factor, velocity encoding (VENC), and 

slice thickness for best sensitivity. Second, to account for the influence of TFE acquisition on T2 

quantification, simulation and experiments were conducted to establish the relationship between 

TFE-T2 and standard T2. Finally, the complete aTRUPC sequence was applied on a group of 

healthy neonates and normative Yv values were determined.

Results: Optimal parameters of aTRUPC in neonates were found to be a TFE factor of 15, 

VENC of 5cm/s, and slice thickness of 10mm. TFE-T2 was on average 3.9% lower than standard 
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T2. These two measures were strongly correlated (R2=0.86), thus their difference can be accounted 

for by a correction equation, T2,standard=1.2002×T2,TFE−10.6276. Neonatal Yv values in veins 

draining cortical brain and those draining central brain were 64.8±2.9% and 70.2±3.3%, 

respectively, with a significant difference (P=0.02).

Conclusion: aTRUPC MRI has the potential to provide vessel-specific quantification of cerebral 

Yv in neonates.
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INTRODUCTION

Cerebral oxygenation and metabolism play a critical role during the early stages of brain 

development. Disruption of oxygen supply and metabolism in neonates is highly 

detrimental, and has been associated with various diseases such as hypoxic-ischemic 

encephalopathy (HIE) (1,2) and cerebral stroke (3). Therefore, quantitative measurements of 

cerebral venous oxygenation (Yv) in neonates, when combined with arterial oxygenation 

(Ya) measured by well-established techniques such as pulse oximetry, may add valuable 

information to the diagnosis of neonatal brain diseases and to the evaluation of treatments.

Measurement of Yv in neonates is particularly challenging (4). Positron Emission 

Tomography (PET) with 15O-labeled radiotracers is considered the gold standard to measure 

cerebral oxygenation and metabolism in adults (5). However, the application of 15O-PET in 

neonates (6) is very limited due to its invasive nature, the need of an onsite cyclotron, and in 

particular the radiation exposure to neonates. Near-infrared spectroscopy (NIRS) is a non-

invasive tool that has been successfully used to probe blood oxygenation in neonates (7–9). 

Although this technique has the advantages of low-cost and the ability for bedside 

monitoring, a drawback is that the blood oxygenation is usually provided as a relative index 

instead of in absolute physiological units. Moreover, the application of this optical method is 

impeded by the penetration depth of light, which makes it particularly difficult to probe 

oxygenation in deep brain tissues.

In recent years, several MRI-based methods have been employed to provide absolute 

quantification of Yv in neonates (10–12). T2-relaxation-under-spin-tagging (TRUST) is a T2-

based method to quantify global Yv that has been utilized in healthy neonates (11) as well as 

in neonates with congenital heart disease (CHD) (13), HIE (14) and punctate white matter 

lesions (PWML) (15). Another T2-based technique, termed T2 prepared tissue relaxation 

inversion recovery (T2-TRIR), has been shown to be feasible to assess global Yv in both 

healthy and HIE neonates (12). A susceptibility-based method, phase-contrast MR 

susceptometry, has also been utilized to measure global Yv in neonates with CHD (10). 

However, despite their successful applications in neonates, all of these MRI techniques 

provided only an assessment of global Yv level, which lacks spatial information.
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Regional measurement of Yv in the neonatal brain is of particular clinical importance 

because early brain development is known to be heterogeneous (16–18) and deep brain 

regions are more susceptible to injuries (2,19). T2-relaxation-under-phase-contrast (TRUPC) 

is a T2-based MRI technique to quantify Yv in specific brain vessels and has shown 

promises in adult population (20,21). However, the long scan time of TRUPC (over 19min 

when configured for spatial resolution necessary for neonates), is the main obstacle to its 

application in neonates.

The goal of the present work was to develop a substantially accelerated TRUPC sequence, 

termed aTRUPC, to obtain vessel-specific Yv measurement in neonates. A series of studies 

were conducted. First, the pulse sequence was optimized in terms of turbo-field-echo (TFE) 

factor, velocity encoding (VENC), and slice thickness for best sensitivity. Second, to account 

for the influence of TFE acquisition on T2 quantification, simulation and experiments were 

conducted to establish the relationship between TFE-T2 and standard T2. Finally, the 

complete aTRUPC sequence was applied on a group of healthy neonates and normative Yv 

values were determined, providing for the first time the ability to measure central brain Yv in 

addition to cortical brain Yv. The neonatal Yv measured by aTRUPC was also validated by 

comparing it to global Yv measured with TRUST MRI.

METHODS

Pulse sequence

The proposed aTRUPC pulse sequence is shown in Figure 1a. As can be seen, the sequence 

is based on the combination of T2-preparation (red box) and phase-contrast MRI (green 

box). The phase contrast module allows the isolation of flowing blood signal from 

surrounding static tissues, and the T2-preparation module modulates T2-weighting of the 

blood signal. With this sequence, two complex images, one phase reference image and a 

velocity-encoded image, are acquired in an interleaved manner. Complex subtraction of 

these two images yields a complex difference (CD) image, in which signals from the static 

tissues are cancelled out and only the signal of flowing blood is present. Non-slice-selective 

T2-preparation pulses with varying numbers, characterized by effective TE (eTE), are 

applied to modulate the T2-weighting of the blood signal. In post-processing, 

monoexponential fitting of the blood signal as a function of eTE yields the blood T2. To 

remove spin history, post-saturation pulses (blue box) are applied after the last phase-

contrast acquisition module (20). One dummy TR is played out before the first acquisition 

TR to make the magnetization reach steady state.

The major difference between aTRUPC and the original TRUPC sequence is that the 

original TRUPC acquires only one k-space line per TR; in other words, there is only one 

phase-contrast acquisition module after each T2-preparation. Although this design ensures 

the accuracy of T2 estimation as the signal is determined solely by the T2 preparation, it 

requires long scan time (over 19 minutes for spatial resolution necessary for neonatal scan) 

to acquire a T2 map. This is especially limiting for neonates who are susceptible to motion. 

In contrast, aTRUPC uses a TFE scheme to acquire multiple k-space lines per TR, thus 

significantly reducing the scan time. A train of phase-contrast acquisition modules (indicated 

by multiple green boxes in Figure 1a) is applied after each T2-preparation, and the number 
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of acquisition modules is referred to as TFE factor. RF spoiling is used to avoid interference 

among acquisition modules.

Although the use of the TFE scheme drastically reduces the scan time, bias in T2 estimation 

can be induced in aTRUPC because the T2-prepation effect is dissipated later in the 

acquisition train. Therefore, two strategies were implemented to minimize potential bias in 

T2 estimation and image blurring owing to the prolonged acquisition train. First, centric 

view ordering was employed in aTRUPC acquisition such that the central k-space, which 

vastly determines the image contrast, is acquired immediately after T2-preparation, whereas 

the peripheral k-space is sampled later in the acquisition train (22). Figure 1b shows an 

example of the view ordering scheme on a 2D k-space. Second, a variable flip angle (FA) 

scheme (23,24) was applied to reduce signal alteration across the acquisition train. In this 

work, by assuming a neonatal blood T1 of 1800ms and T2 of 70ms (25), the FAs are 

designed to keep the blood signal constant throughout the acquisition train, for given 

sequence parameters of recovery time (RT), eTE, and the interval between excitation pulses 

of two consecutive acquisition modules (hereafter referred to as shot-spacing). As illustrated 

in Figure 1c, the variable FA series are different among the eTEs, however, the first FA of 

the series is the same across eTEs so that the signal at the k-space center is solely 

determined by T2-preparation. More details of the variable FA scheme, in comparison with 

traditional constant FA scheme, are shown in Supporting Information and Supporting 

Information Figure S1.

General experimental methods

A total of eight healthy neonates (5 females and 3 males) were enrolled in this work (for 

neonatal scans in Study 1 and 3). Note that, compared to neonatal patients, it is considerably 

more difficult to enroll healthy neonates of several days old, on whom the MRI was 

performed for research purpose only. Thus, when scan time allowed, some of the 

participants were used in multiple sub-studies. All neonates were recruited from the 

Newborn Nursery at Johns Hopkins Children’s Center. The neonatal study protocol was 

approved by the Johns Hopkins University Institutional Review Board. The parents of the 

neonates gave written informed consent before participating in the study. The gestational age 

of the recruited neonates at birth was 39.5±0.7 weeks, ranging from 38.4 to 40.4 weeks. The 

postnatal age at the time of the study was 2.0±1.1 days, ranging from 1 to 4 days. The 

recruited neonates had no perinatal depression at birth, no known or suspected congenital 

anatomic or chromosomal anomalies, no major CHD or congenital infection, and no 

intrauterine drug exposure. Review of the MRI scans by experienced pediatric 

neuroradiologists confirmed the absence of structural or signal abnormality in the sampled 

neonates.

All neonatal studies were performed on a 3T Siemens Skyra system (Siemens Healthcare, 

Erlangen, Germany) using a body coil for radiofrequency transmission and a 20-channel 

head-neck coil for signal reception, which is the standard clinical setup of neonatal 

neuroimaging at our institute. The neonates were scanned in natural sleep enhanced by 

feeding them prior to the imaging study and tightly swaddling the neonates in warmed 

blankets. Neonatal Noise Guards (MiniMuffs, Natus Pediatrics, Natus Medical Inc., San 
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Carlos, CA) were used to reduce noise. Foam padding was placed around the head to 

minimize motion during MRI acquisition. Heart rate and arterial oxygen saturation were 

monitored via pulse oximetry (Invivo Corporation, Gainesville, USA) throughout the MRI 

scan. No sedation was used.

In addition to the neonates, eight healthy adult volunteers (25.9±3.3 years old, 4 females and 

4 males) were examined (Study 2) and were scanned on a 3T Siemens Prisma system 

(Siemens Healthcare, Erlangen, Germany) with a 32-channel head coil, after written 

informed consents were obtained. The adult study protocol was approved by the Johns 

Hopkins University Institutional Review Board.

In this work, the aTRUPC images were acquired in the mid-sagittal plane given its abundant 

and well-known venous structures, the flow-encoding direction was anterior-to-posterior 

matching the predominant anterior-posterior venous blood flow on the mid-sagittal plane 

(20,21).

Study 1: Optimization of aTRUPC protocol in neonates

Before the full aTRUPC sequence, which consists of acquisitions using three different T2-

preparation durations (eTEs), was applied, we first sought to optimize the key parameters of 

the sequence in order to obtain the highest sensitivity in unit time, i.e. signal-to-noise ratio 

(SNR) efficiency. Thus the experiments in Study 1 were performed with eTE=0ms only. 

Three sequence parameters, specifically TFE factor, slice thickness and VENC, were 

examined.

To determine the optimal TFE factor, TFE factors of 5, 10 and 15 were tested on 6 neonates 

(age at birth: 39.6±0.6 weeks, postnatal age: 2.0±1.1 days, 3 females and 3 males). Other 

imaging parameters included: field of view (FOV)=130×130mm2, acquisition matrix=256 

(foot-to-head, readout direction) × 90 (anterior-to-posterior, phase-encoding direction), 

RT=1000ms, shot-spacing=17.76ms, slice thickness=10mm, VENC=5cm/s, TE=13.7ms. 

The number of repetitions was 5, 8 and 10 for the three TFE factors, respectively. The 

duration was similar across the three scans, which was approximately 3min.

In 5 neonates (age at birth: 39.7±0.6 weeks, postnatal age: 1.6±0.5 days, 3 females and 2 

males), we performed aTRUPC-eTE0 sequence using two different slice thicknesses, 5 and 

10mm. Other imaging parameters were: TFE factor=15, VENC=5cm/s, TE=13.7ms, 4 

repetitions, with a scan time of 72s for each sequence.

In 8 neonates we performed aTRUPC-eTE0 sequence using four different VENCs, 3, 5, 7 

and 9cm/s. Data from one neonate was not usable due to excessive motion, so only 7 

neonates (age at birth: 39.4±0.6 weeks, postnatal age: 2.1±1.1 days, 4 females and 3 males) 

were include. Other imaging parameters were: TFE factor=15, slice thickness=10mm, 3 

repetitions, and scan time was 54s for each sequence. The minimal allowable TE was used 

and it was different for different VENC, which was 16.5, 13.7, 12.2 and 11.2ms for the four 

VENCs, respectively.
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Study 2: Relationship between TFE-T2 and standard T2

To understand the influence of TFE acquisition scheme on the quantification of blood T2, 

numerical Bloch simulations were conducted. In these simulations, signal evolutions along 

the TFE acquisition train were computed using Bloch equations based on T1 and T2 with the 

optimized TFE factor, and then used to construct k-spaces at different eTEs based on the 

centric view ordering k-space sampling scheme. Images at different eTEs were reconstructed 

from corresponding k-spaces and were subsequently used to fit for T2. Two sets of 

simulations were performed to investigate how the T2 bias is dependent on the actual T1 and 

T2 of the blood. In one simulation, we fixed T1 at 1800ms and varied T2 from 30 to 115ms. 

In another simulation, we fixed T2 at 70ms and varied T1 from 900 to 2600ms.

Next, we performed a set of experiments to establish the relationship between TFE-T2 and 

standard T2. Due to the long scan duration necessary to collect these data (mainly for the 

standard T2 scan), the scans were performed in healthy adults (N=8, aged 25.9±3.3 years 

old). In each participant, both aTRUPC and the original TRUPC sequences were performed. 

The common imaging parameters were: FOV=200×200mm2, acquisition matrix=256 (foot-

to-head, readout direction) × 90 (anterior-to-posterior, phase-encoding direction), mid-

sagittal slice with 10mm thickness, three eTEs (0, 40 and 80ms) for T2 quantification, 

VENC=15cm/s, and flow-encoding direction was anterior-to-posterior. For aTRUPC, 

additional parameters were: TFE factor=15, variable FAs, RT=1000ms, shot-

spacing=17.76ms. For original TRPUC, RT=460ms and FA=90° were used (21). To increase 

the reliability of the T2 measurements, each sequence was repeated 8 times in an interleaved 

manner, resulting in a total scan time of 38min 24s and 7min 28s for original TRUPC and 

aTRUPC, respectively.

Study 3: Venous oxygenation mapping in neonates

The complete aTRUPC sequence, including all eTEs, was performed in four neonates (age at 

birth: 39.8±0.6 weeks, postnatal age: 1.5±0.6 days, 2 females and 2 males). The sequence 

was performed using parameters determined in the optimization study, and three eTEs (0, 40 

and 80ms) with 4 repetitions were employed. Scan time of aTRUPC MRI was 3min 44s. For 

validation purpose, Yv measured by aTRUPC at the posterior superior sagittal sinus (SSS) 

was compared to that measured by a global technique, TRUST MRI (11,13–15). The 

TRUST sequence used parameters established previously (15): imaging slice was positioned 

10mm above the sinus confluence, TR=3000ms, TE=8.3ms, TI=1020ms; 

FOV=160×160×5mm3, voxel size=2.5×2.5×5mm3; labeling slab thickness=65mm; 4 eTEs: 

0, 40, 80 and 160ms, scan time=1.2min.

Data analysis

The original TRUPC and aTRUPC images were reconstructed with in-house MATLAB 

(Mathworks, Natick, MA) scripts. Phase artifacts induced by eddy current were corrected as 

previously described (21), which were detailed in Supporting Information. Motion 

correction between the images was performed using the FSL FLIRT tool (26).

For Study 1, blood signal in the CD images at eTE=0ms was quantified on a region of 

interest (ROI) level. Six preliminary ROIs were drawn on the major cerebral veins: three 
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ROIs on SSS, one ROI on straight sinus (SS), one on the vein of Galen and one on internal 

cerebral veins. Within each ROI, voxels with the highest signal intensities in the mean CD 

image were selected as the final mask for this ROI. Due to the different vessel sizes, for the 

3 ROIs on the SSS, the top 100 voxels were selected as the final mask; for the other 3 ROIs 

on SS, vein of Galen and internal cerebral veins, the top 40 voxels were used. For each ROI, 

an SNR efficiency was quantified on the CD image using the blood/tissue signal ratio 

divided by the square root of scan time of each repetition, in which the blood signal was the 

averaged signal intensity in the final mask of the ROI and the tissue signal was quantified as 

the averaged signal intensity in a rectangular tissue region of 1000 voxels void of discernible 

vessels. The SNR efficiency was averaged across all ROIs for each neonate and then 

compared between different protocols.

For Study 2, six ROIs were delineated as described in Study 1 and averaged signals in each 

ROI were fitted to a monoexponential function of eTE to obtain blood T2. The T2 

measurements across repetitions were averaged. To establish the relationship between TFE-

T2 and standard T2, linear regression analysis was performed between these measurements 

and a conversion equation was calculated. To take into account the uncertainties in both 

standard T2 and TFE-T2 measurements, linear regression was performed by minimizing a 

modified χ2 function given by (27):

χm2 = ∑
ROIs

T2, standard − αT2, TFE + β 2

σstandard
2 + α2σTFE

2 [1]

where T2,standard is the standard T2 value of one ROI in one subject averaged across 

repetitions, and T2,TFE is the corresponding TFE-T2 estimated by aTRUPC. σstandard and 

σTFE are the standard deviations of standard T2 and TFE-T2 across repetitions, respectively. 

α and β are the fitted slope and intercept, and the summation is across all ROIs in all 

subjects.

For Study 3, both ROI analysis and voxel-wise Yv mapping were performed. For the ROI 

analysis, blood TFE-T2 value was first obtained using a procedure similar to that described 

in Study 2. The TFE-T2 was then converted to standard T2 using the relationship obtained in 

Study 2. Yv was then estimated from the T2 based on a neonate-specific T2-Y calibration 

plot established previously (25). The hematocrit of the neonates was assumed to be 0.42 

based on the mean hematocrit level of neonatal blood samples reported in (25). For voxel-

wise Yv mapping, a preliminary mask was first manually drawn to encompass the major 

cerebral veins (SSS, SS, vein of Galen and internal cerebral vein). Median signal intensity in 

the preliminary mask was determined and 80% of the median was used as a threshold to 

delineate the final mask. To improve signal stability, signals within the final mask were 

smoothed by a 9×9 voxel kernel. T2 fitting was then performed on each voxel within the 

mask, and the TFE-T2 was converted to standard T2 and Yv, similar to the ROI analysis. The 

TRUST data analysis followed previous studies (11,13–15). TRUST Yv at posterior SSS was 

obtained from each neonate and compared with aTRUPC Yv measured at posterior SSS.
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Statistical analysis

For Study 1, paired t-test was performed to compare SNR efficiency across different 

imaging protocols. For Study 2, linear regression analysis was performed between TFE-T2 

and standard T2. For Study 3, mean and standard deviation values of Yv in each ROI were 

computed across subjects. To compare Yv between cortical and central brain regions, values 

in corresponding ROIs were averaged and then compared using paired t-tests. A P<0.05 was 

considered statistically significant.

RESULTS

Study 1: Optimization of aTRUPC protocol in neonates

Figure 2a illustrates the CD image of a representative neonatal subject and the locations of 

the six ROIs. Figure 2b shows the comparison between different TFE factors across 6 

neonates. It was found that TFE factor of 15 had highest SNR efficiency compared to TFE 

factor of 5 (P=0.0004) and 10 (P=0.004). TFE factor of 10 had higher SNR efficiency than 

TFE factor of 5 (P=0.001). Thus TFE factor of 15 was used in the remainder of this work.

Figure 2c shows the comparison between different slice thicknesses across 5 neonates. It 

was found that slice thickness of 10mm had higher SNR efficiency than that of 5mm 

(P=0.04). Therefore, a slice thickness of 10mm was used in later studies.

Figure 2d shows the comparisons among different VENCs across 7 subjects. VENC of 

5cm/s showed significantly higher SNR efficiency than those of 7cm/s (P=0.04) and 9cm/s 

(P=0.003). It was also slightly higher than VENC of 3cm/s, although the difference did not 

reach significance (P=0.15). Therefore, a VENC of 5cm/s was considered optimal.

The heart rate and arterial oxygen saturation of the neonates during the MRI scans were 

129.8±12.0 beats per minute and 97.9±1.5%, respectively. The results of Study 1 are also 

summarized in Supporting Information Table S1.

Study 2: Relationship between TFE-T2 and standard T2

Simulation results of the differences between TFE-T2 and standard T2 are shown in Figure 

3. It can be seen that the differences are more sensitive to T2 than to T1. The differences 

varied between −1ms and 2.5ms for typical T2 values within the physiological range (Figure 

3a). On the other hand, the difference dependent on T1 variation was less than 0.5ms, and 

was practically negligible within the typical physiologically range of 1400–2400ms (Figure 

3b).

Figure 4 shows the experimental results of a scatter plot between the TFE-T2 obtained from 

aTRUPC and the standard T2 obtained from original TRUPC in adults. A strong linear 

correlation was found between these measurements. Linear fitting resulted in the following 

relationship between them:

T2, standard = 1.2002 × T2, TFE − 10.6276 [2]
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where T2,TFE is the TFE-T2 estimated by aTRUPC, and T2,standard is the standard T2 value. 

Henceforth, Equation 2 can be used to convert TFE-T2 to standard T2 before applying the 

T2-Y calibration curve (25) to estimate Yv.

Study 3: Venous oxygenation mapping in neonates

Complete aTRUPC sequence was applied on 4 neonates using the sequence parameters 

optimized in Study 1, i.e. TFE=15, slice thickness=10mm, VENC=5cm/s. Figure 5a shows 

the CD images of each eTE acquired with aTRUPC in a representative neonate. Figure 5b 

plots the blood signal in each ROI (yellow arrows in Fig. 5a) as a mono-exponential function 

of eTEs. The decay rate of the curve yielded TFE-T2 of the blood, which was corrected 

using Equation 2 and then converted to Yv through the neonate-specific T2-Y calibration 

plot (Figure 5c). Straight sinus (ROI #4) shows low signal intensity in Figure 5b. Repeated 

one-way analysis of variance (ANOVA) including all 8 neonates revealed that the SNR 

efficiency was ROI-dependent (P=0.0001) and was lowest in the straight sinus.

Figure 6a summarizes the group-averaged Yv values of each ROI. Neonatal Yv values in 

veins draining cortical brain (when averaging ROI #1–3), 64.8±2.9%, were lower (P=0.02) 

than those draining central brain regions (when averaging ROI #4–6), 70.2±3.3%, which 

agrees with previous literature in adults (20,28,29).

In posterior SSS (ROI #3 for aTRUPC), Yv values measured by aTRUPC showed excellent 

agreement with global Yv measured by TRUST, which were 63.6±3.5% and 62.2±2.2%, 

respectively. A paired t-test found no significant difference between the Yv values measured 

by the two methods (P=0.25).

Yv maps of all 4 neonates are shown in Figure 6b. It can be seen that the image quality is 

generally satisfactory and all major veins can be discerned.

DISCUSSION

This study presented a new sequence, termed aTRUPC, to measure cerebral venous 

oxygenation in neonates without using any exogenous contrast agent in scan duration of less 

than 4 minutes. The present study has several novel aspects. First, to our knowledge, the 

present study is the first to report measurement of central brain Yv values in neonates. Prior 

studies were unable to measure Yv in deep venous system because most MRI techniques 

such as TRUST (11), phase susceptometry (10), and T2-TRIR (12) can only measure global 

venous oxygenation in the superior sagittal sinus while near infrared methods (7–9) do not 

have the penetration depth to image deep veins. Another novel aspect is that the present 

study was conducted on healthy neonatal subjects in research-dedicated scan sessions. Most 

prior neonatal studies were performed on sick neonates and the research sequences were 

conducted as add-ons to clinical sequences. This is because it is challenging to recruit 

healthy neonates who would otherwise not undergo MRI to participate in MRI research 

studies. On the other hand, the benefit of recruiting healthy neonates for research-dedicated 

sessions is that we will have sufficient scan time to conduct systematic testing of the pulse 

sequence in terms of key imaging parameters, such as TFE factor, slice thickness, and 

VENC. Another benefit is that there will not be confounding factors due to pathology and 
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the measured results will truly represent normative values. Therefore, in this study, we took 

the effort to recruit healthy neonates, which made the above-mentioned technical 

development and optimization feasible. The importance of having a research-dedicated 

session is further underscored by the fact that, in our institution and in many other 

institutions around the world, neonates of several days old are scanned in natural sleep 

without using sedation. Therefore, this factor further limits the scan time available in this 

special population that is highly susceptible to motion, and our study design of a research 

MRI session is a worthy effort.

Cerebral oxidative metabolism plays a critical role in the rapidly developing neonatal brain. 

The complex structural and functional maturation processes place high demands on energy 

supply, which is manifested by the fast increase in cerebral metabolic rate of oxygen 

(CMRO2) during this stage (7,11,12,30). Abnormal cerebral oxygen metabolism has been 

associated with various neonatal injuries and diseases. With recent advances of MRI, 

quantitative measurement of cerebral oxygen metabolism has shown clinical utility in 

several neonatal diseases. For instance, decreased CMRO2 has been shown in neonates with 

CHD by two independent studies (10,13), and has also been demonstrated in neonates with 

PWML (15). Neonates with HIE have been reported to have lower oxygen extraction 

fraction than normal controls (12,14). Despite the success of these prior studies, they were 

largely based on global measurement of cerebral oxygen metabolism. Regional 

measurement of Yv and CMRO2 may provide additional important clinical values in 

neonatal care for a variety of reasons. First, early brain development has been shown to be 

heterogeneous in newborns. For example, using arterial spin labelling (ASL) perfusion MRI, 

Ouyang et al. found that the rate of cerebral blood flow (CBF) increase is significantly 

higher in the frontal lobe than in the occipital lobe (17). De Vis et al. studied regional 

perfusion values obtained with ASL as a function of postmenstrual age, and reported that 

relative regional CBF was the highest in the basal ganglia and thalamus at all time-points 

(18). Combined with regional CBF measures, regional Yv measurement can provide better 

characterization of spatial patterns of oxygen consumption in neonates, thus improving our 

understanding of early human brain development. Second, many neonatal brain disorders are 

known to affect specific brain regions. For instance, the basal ganglia and thalamus are 

known to be more susceptible to damages in HIE (1,2). Another example is perinatal arterial 

ischemic stroke, and De Vis et al. reported that cerebral oxygen saturation was higher in the 

infarcted hemisphere than the contralateral hemisphere (31). The ability to measure regional 

Yv will provide new insights into the disease pathology and guide therapy on an individual 

basis. In fact, even in healthy neonates, we have observed that veins draining cortical brain 

have lower Yv values than veins draining central brain regions. This finding was consistent 

with previous reports in adults (20,28,29) and was thought to relate to the higher perfusion 

or CBF in the central brain regions compared to the cortices (32–34).

We note that the measurement of Yv in aTRUPC is vessel-specific. To compute regional 

CMRO2 from aTRUPC Yv measurements, one needs to know the regional CBF that 

corresponds to the target veins. One feasible approach suggested by Fan et al. (35) is to use 

ASL to acquire quantitative CBF maps, and calculate the mean CBF values of ROIs placed 

in the brain regions drained by the target veins, then the regional CMRO2 can be calculated 

using the Fick’s principle (36).
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In the last decade, techniques that combine T2 preparation with fast readout schemes have 

been proposed to measure T2 in organs with intensive motion or in less cooperative patients. 

T2-prepared TFE or balanced steady-state free precession (bSSFP) have been used for T2 

mapping of myocardium (22,37) and carotid artery vessel wall (38). Recently, T2-prepared 

bSSFP was used to quantify the blood T2 and oxygenation in umbilical vein of fetuses (39). 

The major difference of aTRUPC compared to these techniques is the employment of phase-

contrast to separate out blood signal from surrounding tissues, which minimizes partial 

volume effect in blood T2 estimation. In terms of acceleration, there have been reports using 

single-shot echo-planar imaging (EPI) for phase-contrast imaging of relatively large vessels 

such as aorta (40), carotid arteries (41), or SSS (42) in adults. However, the low in-plane 

spatial resolution of single-shot EPI makes it impractical to image small veins such as the 

internal cerebral veins, especially in neonates. Single-shot turbo spin echo has been widely 

used in clinical practice for fast imaging, however, the mixing among signal pathways with 

different motion-induced phases of the flowing blood (43) makes it unsuitable for phase-

contrast imaging of the cerebral veins.

Besides T2-based methods (20,44,45), MR susceptometry (35) and quantitative BOLD 

(46,47) have also been exploited to measure regional Yv. For example, Fan et al. (35) 

proposed a susceptibility-based approach to measure Yv in vein segments that approximate a 

long cylinder parallel to B0. One advantage of this technique is that it employs standard 

gradient-echo sequence and is therefore readily applicable on clinical MR scanners. 

However, its restriction on the orientation and shape of veins makes it not suitable for 

studying the tortuous deep veins which mainly fall in the anterior-posterior direction that is 

perpendicular to B0. In contrast, aTRUPC has no such restriction and can measure the veins 

in any shape and orientations when proper flow-encoding direction is chosen. The 

quantitative BOLD method (46,47) requires long scan duration which is impractical in 

neonates.

There are a few limitations in the presented work. First, the Yv map obtained in this study is 

2D in nature. Further expansion of the technique to 3D acquisitions would require additional 

acceleration techniques such as compressed sensing (48). Second, although we have 

shortened the duration of the sequence to 3min 44s, motion could still occur during this time 

frame. Thus, further technical development should consider the implementation of motion 

correction schemes to the sequence, which will greatly improve its clinical applicability in 

neonates. Third, the hematocrit of the neonates was assumed to be 0.42 in this study, in 

future applications of this technique, hematocrit should be measured individually to account 

for potentially abnormal hematocrit levels in sick or premature neonates. Fourth, in the 

present study, we did not optimize the recovery time after post-saturation in this study. 

Although numerical simulation suggested that a recovery time of 1000ms is a good trade-off 

between aTRUPC signal and susceptibility to motion, future experiments should be 

performed to validate this selection. Finally, clinical utility of the proposed technique in 

pathological conditions, especially those specifically affecting deep brain structures, should 

be established in future work.
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CONCLUSION

We developed a non-invasive MRI technique, aTRUPC, to quantify Yv in cortical and deep 

cerebral veins in neonates. The sequence was optimized in terms of sensitivity and accuracy 

of the underlying T2 measurement. The scan time of the final protocol was less than 4 

minutes and, using this protocol, normative venous oxygenation values for major cerebral 

veins were determined. aTRUPC MRI has the potential to provide vessel-specific 

quantification of Yv in neonates.
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Figure 1. 
Illustration of the aTRUPC pulse sequence. (a) The pulse sequence consists of three 

components: T2-preparation (red box), TFE phase-contrast acquisition modules (green 

boxes) and post-saturation (blue box). The phase-contrast module separates flowing blood 

signal from static tissues through complex subtraction of phase reference (“ref” in the 

illustration) and velocity-encoded (“enc” in the illustration) images. Note that for flow-

encoding along phase-encoding direction, the slice and readout directions are flow-

compensated while the phase-encoding direction is flow-encoded. αi (i = 1, 2, …, N, where 

N is the TFE factor) represents the flip angle of each acquisition module. T2-preparation 

with varying duration (0ms, 40ms, and 80ms) is applied to modulate the T2-weighting. Spin 

history of each TR is minimized through post-saturation pulse. The striped trapezoids 

indicate spoiler gradients. (b) Illustration of the centric view ordering scheme. k-Space lines 

acquired in the same TR are represented by the same color. The colored numbers beside the 
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k-space lines indicate the order in which these lines are acquired within each TR. Lines 

closest to the center of k-space are sampled at the very beginning of the acquisition train 

immediately after T2-preparation, while the peripheral lines are acquired later. (c) Variable 

FA series of each eTE with TFE factor of 15. Note that the first FA is the same for all eTEs.
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Figure 2. 
Dependence of SNR efficiency on sequence parameters in neonates. (a) Illustration of ROIs 

on a CD image. Red contours represent the preliminary ROIs to quantify blood signal at 6 

different locations. The yellow dashed box shows the ROI to estimate residual tissue signal. 

(b) Comparison of SNR efficiency, quantified by blood/tissue/ scan time, across TFE factors. 

(c) Comparison of SNR efficiency across slice thicknesses. (d) Comparison of SNR 

efficiency across VENC values. For each subject, the SNR efficiency values were averaged 

across the 6 ROIs. Error bars indicate standard deviations across subjects.
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Figure 3. 
Numerical simulation results of the difference between TFE-T2 and standard T2 as a 

function of standard T1 and T2 values. (a) The difference as a function of T2. T1 was fixed 

and was assumed to be 1800ms. (b) The difference as a function of T1. T2 was fixed and was 

assumed to be 70ms.
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Figure 4. 
Scatter plot between TFE-T2 measured by aTRUPC and standard T2 measured by original 

TRUPC. Each dot represents T2 of one ROI on one subject. Solid line indicates the fitting 

curve. Dashed line indicates the identity line.
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Figure 5. 
Data from a complete aTRUPC scan in a representative neonate. (a) Averaged CD images at 

3 eTEs. The yellow arrows show the ROIs from which the data in (b) were derived. (b) CD 

signals as a function of eTEs in each ROI. The solid curves show the fitted results, and error 

bars indicate the standard deviation of CD signals across the 4 repetitions. The fitted 

equations are also shown. (c) The neonate-specific calibration plot, shown here for a 

hematocrit of 0.42.
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Figure 6. 
Summary of aTRUPC results in healthy neonates. (a) Group-averaged Yv of each ROI. Error 

bars indicate standard deviations across subjects. (a) Yv maps of the 4 neonates (labeled as 

S1 to S4).
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