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Abstract

Purpose: To propose a framework called live-view GRASP MRI for low-latency and high-

fidelity real-time volumetric MRI.

Methods: Live-view GRASP MRI has two stages. The first one is called an off-view stage 

and the second one is called a live-view stage. In the off-view stage, 3D k-space data and 

2D navigators are acquired alternatively using a new navi-stack-of-stars sampling scheme. A 

4D motion database is then generated that contains time-resolved MR images at a sub-second 

temporal resolution, and each image is linked to a 2D navigator. In the live-view stage, only 

2D navigators are acquired. At each time point, a live-view 2D navigator is matched to all the 

off-view 2D navigators. A 3D image that is linked to the best matched off-view 2D navigator is 

then selected for this time point. This framework places the typical acquisition and reconstruction 

burden of MRI in the off-view stage, enabling low-latency real-time 3D imaging in the live-

view stage. The accuracy of live-view GRASP MRI and the robustness of 2D navigators for 

characterizing respiratory variations and/or body movements were assessed.

Results: Live-view GRASP MRI can efficiently generate real-time volumetric images that match 

well with the ground-truth references, with an imaging latency below 500ms. Compared to 1D 

navigators, 2D navigators enable more reliable characterization of respiratory variations and/or 

body movements that may occur throughout the two imaging stages.

Conclusion: Live-view GRASP MRI represents a novel, accurate and robust framework for 

real-time volumetric imaging, which can potentially be applied for motion adaptive radiotherapy 

on MRI-Linac.
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Introduction

In recent years, there has been a strong trend to use MRI for image-guided treatment beyond 

traditional diagnostic purposes (1–3). One example that has recently gained substantial 

interest is MRI-guided radiotherapy using an MRI-Linac system (4–7). Compared to image-

guided radiotherapy based on computational tomography (e.g., cone-beam CT or CBCT), 

MRI provides superior soft-tissue contrast that enables better delineation of lesions and more 

precise tumor contouring (8–10). The synergy of MRI and Linac as a single modality also 

provides the feasibility of real-time motion adaptive radiotherapy, in which MR images can 

be acquired during treatment to guide adjustment of radiation beams according to organ 

changes (e.g., respiration-induced displacement) (11–14). This can help avoid excessive 

radiation delivery to surrounding healthy organs or tissues.

Two essential requirements for MRI-guided adaptive radiotherapy are (a) a low imaging 

latency, which can be simply approximated as the sum of data acquisition and image 

reconstruction time, and (b) high imaging fidelity that ensures robustness to variations 

of respiratory patterns, body movements and other unwanted effects (15). For the first 

requirement, a latency below 500 milliseconds (ms) has been recommended to account for 

respiratory motion in MRI-guided radiotherapy (15,16). Unfortunately, the imaging speed of 

MRI is insufficient to meet this requirement. For example, 500ms might be barely enough 

to acquire and reconstruct a 2D MR image with a coarse spatial resolution. Given these 

considerations, clinical MRI-Linac systems often use 2D cine imaging for motion tracking, 

although 3D cine imaging is highly desired. To meet the requirement of imaging fidelity, 

MRI techniques implemented on an MRI-Linac scanner should be robust against various 

motion uncertainties, such as respiratory drifts, irregular breathing, or patient movements.

Over the past decade, various 4D (3D+time) MRI methods have been proposed for 

treatment planning in radiotherapy (17–25). These methods typically employ advanced 

reconstruction techniques, such as compressed sensing and/or low-rank algorithms, to 

generate dynamic volumetric images. However, standard 4D MRI techniques exploiting 

spatiotemporal correlations are difficult for motion adaptive radiotherapy, as they require all 

dynamic data to be acquired before retrospective image reconstruction can start, thus leading 

to a long imaging latency. The advent of deep learning has provided a promising solution 

to help reduce both acquisition and reconstruction time in general (26–28), but it remains 

to be explored whether deep learning alone can achieve a sub-second imaging latency for 

high-fidelity volumetric imaging.

A more practical solution to address these challenges towards real-time motion adaptive 

radiotherapy could be a two-stage imaging approach. The first stage, referred to as “off-

view” in this work, is performed as a preparation step while the radiation beam is turned off 

with the patient in place on the MRI-Linac scanner. The purpose of this stage is to acquire 

and reconstruct a 4D motion database (slow) that contains 3D MR images corresponding to 

distinct motion phases, with each motion phase linked to a navigator (a signature) acquired 

with the image data. The second stage, referred to as “live-view” in this work, is performed 

during adaptive treatment while the radiation beam can be turned on, and it acquires 
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navigators only (fast). At this stage, a newly acquired navigator is compared or matched to 

all the navigators acquired in the off-view stage, and a 3D image in the 4D motion database 

linked to the best-matched off-view navigator is then selected for the current time point in 

the live-view stage. This two-stage imaging strategy shifts the lengthy data acquisition and 

image reconstruction process to the first off-view stage, leaving navigator-only acquisition 

and a simple matching process (referred to as nav-matching hereafter) for the second live-

view stage to enable real-time low-latency 3D MRI. In this two-stage framework, navigators 

are specifically referred to the data used for nav-matching, and a navigator can have different 

dimensionality as described below.

MRSIGMA (MR SIGnature MAtching) was one of the first approaches to demonstrate this 

idea (29). In MRSIGMA, a respiratory-resolved 4D motion database is generated using 

XD-GRASP (eXtral-Dimensional Golden-angle RAdial Sparse Parallel imaging). Radial 

k-space data is binned into different respiratory phases based on a motion signal extracted 

from k-space centers (23). This motion signal also serves as the navigators for nav-matching. 

However, MRSIGMA suffers from several major limitations that can restrict its practical 

performance. First, although MRSIGMA used 1D projections (formed from the centers of 

radial k-space) to generate a motion signal, only one data point from the motion signal was 

used for nav-matching at each time. Therefore, MRSIGMA is essentially a 0D-navigator 

approach, as each navigator only contains one data point that provides limited information 

for nav-matching. Moreover, data from k-space centers may be sensitive to MRI scanner 

errors (e.g., gradient delay). Second, MRSIGMA requires an explicit motion detection 

process for data binning and generation of 0D navigators, which may need user interaction 

for refinement. Third, MRSIGMA relies on an assumption of uniform and stable breathing, 

since it requires motion sorting to generate respiratory-resolved 4D images in the off-view 

stage. Any motion drifts, respiratory variations or body movements can cause image blurring 

in the motion database. Fourth, MRSIGMA generates limited motion phases (e.g., 10 motion 

images as described in (29)), which may not be sufficient to fully characterize respiratory 

variation. Fifth, 0D navigators contain limited information and may not be reliable for 

detecting respiratory variations and/or patient movements that can occur within the off-view 

stage or between the two stages, which is a major challenge that any two-stage method 

should address.

Another technique that adopted the idea of two-stage imaging is single projection driven 

real-time MR imaging (SPIDERM) (30). Instead of generating a respiratory-resolved motion 

database, SPIDERM aims to reconstruct a spatial basis that serves as a motion database 

to generate real-time 3D images. External head-to-foot 1D projections are periodically 

acquired throughout the two stages as navigators. Thus, SPIDERM is a 1D-navigator 

approach that can be more reliable than MRSIGMA. However, 1D navigators may not be 

able to accurately characterize different types of respiratory variations that may occur within 

the off-view stage or between the two stages. Meanwhile, acquisition of head-to-foot 1D 

navigators requires rapid switching of gradients, which may introduce eddy-current artifacts.

The purpose of this work was to propose and demonstrate a new framework called live-view 

GRASP (Golden-angle RAdial Sparse Parallel) MRI as a novel extension to optimize the 

two-stage imaging scheme based on GRASP reconstruction. Compared to prior two-stage 
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methods, live-view GRASP provides several unique features, including (a) reconstruction of 

time-resolved high-temporal-resolution 4D images as a motion database, (b) elimination of 

the need for explicit motion detection and data sorting, and (c) use of 2D navigators for 2D 

nav-matching and more accurate motion characterization.

Methods

The Live-View GRASP MRI Framework

This section first defines terminology that will be used in this work and summarizes key 

components of live-view GRASP MRI. As shown in Figure 1, the first stage is called an 

off-view stage, which aims to generate a time-resolved 4D motion database. Each off-view 

3D image in the motion database is linked to a 2D navigator that is referred to as an 

off-view navigator. The second stage is called a live-view stage, which only acquires 2D 

navigators that are referred to as live-view navigators. Live-view GRASP MRI includes 

three novel components, including (a) a new sampling scheme called navi-stack-of-stars to 

jointly acquire 3D imaging data and corresponding off-view 2D navigators (for the off-view 

stage), (b) Low-rank subspace-based MRI reconstruction (31,32) to generate time-resolved 

4D images with a sub-second temporal resolution (for the off-view stage), and (c) 2D 

nav-matching to efficiently generate 3D images in real time (referred to as live-view 3D 

images) with a low latency in the live-view stage. Details about these components are 

described below.

3D Navi-Stack-of-Stars Sampling—The proposed navi-stack-of-stars sampling scheme 

is shown in Figure 2. Here, k-space lines from different slice locations at a given 

rotation angle is called a radial stack. A partition-in-line sampling loop, as described 

in (33), is implemented. Compared to standard golden-angle stack-of-stars sampling that 

acquires radial stacks continuously rotated by a golden angle (Figure 2a), navi-stack-of-stars 

sampling (Figure 2b) alternatively acquires both regular radial stacks rotated by a golden 

angle and navigator stacks all with a 0-degree acquisition angle. The navigator stacks are 

acquired with same imaging parameters (e.g., number of slices, TR/TE and slice reordering) 

as for acquiring regular stacks without affecting imaging steady state. In our current 

implementation, a navigator stack is acquired following every two regular radial stacks 

to achieve a high temporal resolution. The navi-stack-of-stars sampling is employed for the 

off-view stage, where the 0-degree navigator stacks become off-view 2D navigators after a 

2D FFT followed by multicoil combination using sum of square.

4D Golden-Angle MRI Reconstruction—From the acquired navi-stack-of-stars data, 

time-resolved 4D images with a sub-second temporal resolution are reconstructed to 

generate a 4D motion database. Image reconstruction is done using GRASP-Pro – a 

technique that was recently developed for highly-accelerated 4D MRI (31,32). Different 

from XD-GRASP that relies on explicit respiratory motion detection and data binning to 

reduce motion blurring, GRASP-Pro implicitly achieves this by reconstructing dynamic 

images at a temporal resolution that is high enough to resolve respiratory motion (32). 

Accordingly, GRASP-Pro is expected to be more robust than XD-GRASP, as shown in (32). 

In this work, GRASP-Pro reconstructs a 3D image volume from two regular radial stacks (2 
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radial spokes in each slice), as shown in Figure 2b. In this way, each 3D image volume is 

uniquely linked to an off-view 2D navigator acquired between the two regular stacks. Details 

about GRASP-Pro implementation are provided in Supporting Information Materials.

2D Nav-Matching—In live-view GRASP MRI, nav-matching is performed based on 2D 

pattern matching between the off-view and live-view 2D navigators, as illustrated in Figure 

1. At each time point in the live-view stage, a 2D live-view navigator is acquired and is 

compared to all the 2D off-view navigators. A 3D image linked to the off-view navigator 

that best matches the newly acquired live-view navigator is selected as the 3D image for 

the current time point. The matching is performed based on the structure similarity index 

(SSIM), and a threshold of 0.8 is empirically set to determine whether the matching is 

acceptable. A SSIM value below 0.8 indicates a potential variation of respiratory pattern 

(due to, for example, deep breathing) between the current live-view navigator and the 

motion database. In this case, the radiation beam can be turned off to stop treatment for 

this time point in practical implementation. If the SSIM values are consistently low, that 

may imply changes of patient position (e.g., due to body movements or motion drifts). In 

this case, the off-view stage could be repeated. This two-stage imaging approach enables 

efficient generation of 3D images in the live-view stage without lengthy acquisition and 

reconstruction. At each time point, the total imaging latency only includes time to acquire 

a 2D live-view navigator, time to perform a 2D FFT, time to calculate the SSIM for 2D 

nav-matching, and time to fetch a 3D image from the motion database. These steps are 

highly parallelizable, so that the total imaging latency can be reduced to 500ms or below as 

recommended (15,16).

Imaging Experiments

Overall Experimental Design—Under a good breathing condition (e.g., regular 

breathing without body movements), different types of navigators (0D, 1D or 2D) are 

expected to achieve similar performance in two-stage imaging (28,29). However, in practice, 

breathing patterns in clinical patients can be complex and hard to predict, and this can be 

further exacerbated when body movements occur. Therefore, timely detection of breathing 

pattern variations or potential body movements is essential for any two-stage imaging 

method implemented for motion adaptive radiotherapy. Given these considerations, 2D 

navigators are expected to be more reliable than 1D or 0D navigators for detecting motion 

drifts and/or body movements that may occur in the off-view stage and for detecting 

inconsistencies between the off-view stage and the live-view stage (e.g., due to patient 

movements between the two stages). Under these unwanted conditions, treatment can be 

paused, and the off-view stage can be repeated.

To validate these hypotheses, four in-vivo imaging experiments, as summarized below, 

have been designed to demonstrate the performance and robustness of live-view GRASP 

MRI. In addition, the improvement of time-resolved GRASP-Pro reconstruction over 

respiratory-resolved XD-GRASP reconstruction for generating a 4D motion database was 

also demonstrated.
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• Experiment 1: To assess the performance of 2D navigators for characterizing 

respiratory variations and/or body movements in the off-view stage. This was 

performed in two sub-studies under different breathing conditions.

• Experiment 2: To validate the accuracy of live-view GRASP MRI with 2D 

navigator-based nav-matching.

• Experiment 3: To assess the performance of 2D navigators for detecting body 

movements that may occur between the off-view and live-view stages.

• Experiment 4: To demonstrate the feasibility of navigator-only live-view scans in 

live-view GRASP MRI.

All in-vivo studies were performed on a 3T MRI scanner (Magnetom Skyra, Siemens 

Healthcare AG, Erlangen, Germany) using a fat-saturated 3D radial sequence with navi-

stack-of-stars sampling. Human imaging experiments were HIPAA-compliant and were 

approved by the Institutional Review Board (IRB). Written informed consent was obtained 

from all subjects. Imaging was performed on the upper abdomen of all subjects. All image 

reconstruction tasks were implemented in an NVIDIA DGX-1 server.

Experiment 1—The first experiment was designed to assess the performance of 2D 

navigators for characterizing respiratory variations and/or body movements in the off-view 

stage. For this purpose, only off-view scans were performed. Specifically, two imaging 

studies were performed in this experiment under two different conditions. For the first 

study, off-view scans were performed on a total of 24 subjects (age=45±17 years, 19 

males and 5 females), including 17 healthy volunteers and 7 patients with hepatocellular 

carcinoma (HCC). A total of 24 off-view datasets were acquired for this study. No breathing 

instructions were given for any of the scans, so that the subjects could breathe in any way 

they wanted. For the second study, off-view scans were performed on 9 healthy volunteers 

(age= 32±5 years, 6 males and 3 females). All subjects were asked to move their body once 

during the scan in any way they wanted. This process was repeated, with the subjects asked 

to move their body once more in a different way. As a result, a total of 18 off-view datasets 

were acquired for this study.

Relevant imaging parameters for all data acquisitions included: FOV=360×360mm2, matrix 

size=256×256, spatial resolution=1.4×1.4mm2, slice thickness=5mm, number of slices=40, 

slice partial Fourier=75%, TR/TE=2.75/1.21ms, flip angle=10°. Slab-selective excitation 

was employed. A total of 1500 radial stacks, including 1000 golden-angle rotated stacks and 

500 navigator stacks (angle=0°) were acquired. The total acquisition time was 2:49 min. For 

image reconstruction, the first 31 radial stacks were discarded since data in the beginning 

were not acquired in a full steady state. This led to 489 2D navigators [(1500-31)/3] and 

corresponding 489 3D images with every two radial stacks reconstructed as a 3D image 

volume. The temporal resolution of the resulting 4D MR images was ~0.3s/volume. The 

acquisition protocol and reconstruction scheme were also used in other experiments below.

For image analysis, the SSIM between the last 3D image and all the previous 3D images 

was calculated for each subject, which generated 488 SSIM values. The SSIM values 

constitute a signal curve (referred to as the SSIM curve hereafter) that reflects underlying 
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motion variations. This served as a ground-truth reference since it was obtained from 3D 

images. Next, the same SSIM curves were calculated using both 2D and 1D navigators 

for comparison. 1D navigators were obtained by taking the kz-directional central k-space 

lines from the 0° navigator stacks followed by a 1D FFT and multicoil combination using 

sum of square, as shown in the Supporting Information Materials. Correlation coefficients 

(CCs) between the SSIM curves obtained from reference 3D images and either 2D or 1D 

navigators were calculated, and their differences were assessed using the Wilcoxon signed-

rank test. The hypothesis of this experiment was that 2D navigators enable more accurate 

characterization of respiratory variations than 1D navigators. Here, a higher CC indicates a 

higher positive correlation with the reference and thus better performance. Generally, a CC 

above 0.9 indicates a very high positive correlation (34).

Experiment 2—Experiment 2 was performed on the same 9 volunteers from the previous 

experiment. For each subject, two identical data acquisitions were performed using the 

navi-stack-of-stars sequence. The first scan represented the off-view stage and the second 

scan represented the live-view stage. A 10-minute gap was placed between the two scans to 

emulate a delay that is needed in practical implementation of the two-stage framework for 

different tasks, such as 4D MRI reconstruction and tumor contouring. In this experiment, 

imaging data were also acquired for the live-view scan for the purpose of generating ground-

truth 3D images for comparison, as described in Supporting Information Materials for more 

details. It should be noted that in practice, acquisition of imaging data is not needed in the 

live-view stage. All subjects were asked to stay still and breathe normally during the scans 

and the gap to achieve a good breathing condition. Here, 3D images reconstructed from the 

live-view scan were treated as ground-truth references for validating 2D nav-matching.

For data analysis, 50 consecutive live-view 2D navigators were selected from each subject, 

and the corresponding 50 live-view 3D images were generated with 2D nav-matching. 

These nav-matched live-view 3D images were then compared to the corresponding reference 

3D images by calculating the SSIM. For additional comparison, nav-matching was also 

performed using 1D navigators. The Wilcoxon signed-rank test was used to compare the 

SSIM values obtained with 2D nav-matching and 1D nav-matching. Here, a higher SSIM 

indicates better accuracy of nav-matching. Another purpose of this experiment was also to 

obtain the (maximum) SSIM values that were used for nav-matching across different data 

points and different subjects under a good breathing condition, and this serves as a baseline 

SSIM for comparison in experiment 3.

Experiment 3—This experiment was designed to assess the performance of 2D navigators 

for detecting body movements that may occur between the off-view and live-view stages. 

Imaging studies were performed on the 9 volunteers as before. For each subject, two 

identical data acquisitions were performed using the 3D navi-stack-of-stars sequence to 

acquire both imaging and navigator data. The first scan represented the off-view stage and 

the second scan represented the live-view stage. The subjects were asked to relax and move 

(in any way they wanted) between the scans. As a result, the off-view and the live-view 

scans were expected to be performed at different body positions.
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For data analysis, a 2D live-view navigator was randomly selected from each subject, and 

the SSIM between this navigator and all the off-view 2D navigators from this subject 

were calculated. This process was repeated for 1D live-view navigators at the same time 

point for comparison. In addition, since the live-view scans were performed using the navi-

stack-of-stars sequence, ground-truth reference 3D images were available (see Supporting 

Information Materials), and the SSIM between the reference 3D image at this time point 

with all the off-view 3D images were calculated as a ground truth for comparison. The 

hypothesis of this experiment was that when body movements occur between the off-view 

and the live-view stages, SSIM values obtained between a live-view navigators with off-view 

navigators should be lower than the baseline SSIM obtained from experiment 2. A larger 

deviation from the baseline SSIM indicates that a method can more reliably identify the 

movements, while a smaller deviation indicate that a method may not be able to identify the 

movements correctly.

Experiment 4—In practice, a live-view scan is expected to acquire navigators only. Thus, 

experiment 4 was designed to demonstrate the feasibility of navigator-only live-view scans. 

In this experiment, two data acquisitions were performed on the same 9 volunteers. The 

off-view scan was performed as above, while the live-view scan acquired 100 2D navigators 

continuously without acquiring imaging data (only 0° navigator stacks). A 10-minute gap 

was placed between the two scans, and all subjects were asked to stay still and breathe 

normally during the scans and the gap. For each subject, 100 live-view 3D images were 

generated from corresponding live-view navigators with 2D nav-matching.

For data analysis, the SSIM between the last live-view 3D image and all the previous 3D 

images was calculated to represent a motion variation pattern consisting of 99 SSIM values. 

Due to lack of ground-truth references, the SSIM between the last live-view 2D navigator 

with all the previous 2D navigators was calculated, and the resulting SSIM curve served as 

a reference for comparison. For each subject, a correlation coefficient (CC) was calculated 

between the SSIM curves calculated from the live-view 3D images and the live-view 2D 

navigators. The hypothesis of this experiment was that motion variation patterns obtained 

from the live-view 3D images can match well with that from the live-view 2D navigators. A 

CC above 0.9 generally indicates a very high positive correlation (34).

Results

Imaging Latency

All experiments were successfully conducted. Live-view GRASP MRI with a navigator-only 

live-view scan was able to achieve a total imaging latency as recommended in (16). 

With a standard implementation in MATLAB, the estimated total imaging latency for 

generating each live-view 3D image was between 0.4–0.5s, including time to acquire a 

0° navigator stack (~0.11s), time to perform a 2D FFT on the navigator stack for generating 

a 2D navigator (~0.015s), time to perform 2D nav-matching (~0.25–0.3s with parallel 

computing), and time to fetch a 3D image from the motion database (0.005–0.01s). The 

average time for 4D MRI reconstruction in the off-view stage was 58.35±3.95 min.
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Respiratory-Resolved Reconstruction vs Time-Resolved Reconstruction

The advantage of GRASP-Pro reconstruction over XD-GRASP reconstruction has been 

previously demonstrated (32), and it is further demonstrated in Figure 3. Here, XD-GRASP 

reconstruction was performed with 10 respiratory phases as implemented in (29). Motion 

sorting in XD-GRASP reconstruction was performed using a respiratory signal extracted 

from k-space central projections, as described before (23,35). Results in Figure 3a are from 

a patient with HCC imaged during irregular breathing. GRASP-Pro reconstruction was able 

to resolve respiratory motion with a temporal resolution of ~0.3s/volume, while XD-GRASP 

suffers from residual motion blurring, particularly in the HCCs (yellow arrows). Results 

in Figure 3b are from a volunteer imaged with body movement during the scan, which 

is highlighted in the projections with a green arrow. The movement, however, cannot be 

captured in the extracted respiratory signal and it led to blurring in respiratory-resolved 

XD-GRASP images. In contrast, time-resolved GRASP-Pro reconstruction yielded better 

image quality. These results suggest that GRASP-Pro is a superior and more robust method 

for generating a 4D motion database.

Experiment 1

Experiment 1 evaluated the performance of live-view GRASP MRI for detecting respiratory 

variations and/or body movements in the off-view stage. Figure 4 shows SSIM curves from 

two representative subjects from study 1 (without prescribed breathing instruction during 

scans) comparing the performance for detecting respiratory variations using 2D and 1D 

navigators. Although both navigators could detect irregular breathing in the first subject, 1D 

navigators failed to detect a motion drift in the second subject. In contrast, 2D navigators 

were able to detect the drift, which was also seen in the reference 3D images. Corresponding 

cine movies from these two subjects are shown in Supporting Information Video 1 and 

Video 2.

Figure 5 shows the same SSIM curves from two representative subjects from study 2 

(with prescribed body movement during the scans) comparing the performance for detecting 

respiratory variations using 2D and 1D navigators. The first subject had an obvious body 

movement while the second subject only had a small movement, as indicated in the 

reference 3D images. For both subjects, the body movement was not captured by 1D 

navigators but was successfully detected by 2D navigators. Corresponding cine movies from 

these two subjects (4 different slices) are shown in Supporting Information Video 3 and 

Video 4.

Figure 6 plots the correlation coefficients (CCs) for all the 24 datasets from study 1 (left) 

and all the 18 datasets from study 2 (right) that compare the SSIM curves between 3D 

reference images and 2D or 1D navigators. The results indicate that 2D navigators are 

superior for detecting respiratory variations and/or body movements in the off-view stage 

compared to 1D navigators. Statistically, the CCs were 0.886 ± 0.049 between 2D navigators 

and the reference and were 0.791 ± 0.148 between 1D navigators and the reference 

(P=2.07e-05, n=24) for study 1. The CCs were 0.967 ± 0.023 between 2D navigators and 

the reference and were 0.721 ± 0.244 between 1D navigators and the reference (P=2.33e-04, 

n=18) for study 2.

Feng Page 9

Magn Reson Med. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Experiment 2

Experiment 2 validated the accuracy of live-view GRASP MRI and compared 2D nav-

matching and 1D nav-matching under a good breathing condition. Figure 7 shows two 

live-view 2D navigators and corresponding live-view 3D images from one subject at two 

different time points. The live-view 3D images visually match well with the reference 3D 

images. Corresponding cine movies from this subject are shown in Supporting Information 

Video 5.

Figure 8a compares live-view 3D images obtained with 2D nav-matching and 1D nav-

matching along with corresponding reference 3D images in another subject. Figure 8b shows 

SSIM values that were calculated between reference 3D images and live-view 3D images 

with 2D nav-matching (left) and SSIM values between reference 3D images and live-view 

3D images with 1D nav-matching (right). The results were obtained from a total of 450 

time points (9 subjects and 50 time points each). There were no significant differences in 

8 subjects (P=0.074–0.46) between 2D nav-matching and 1D nav-matching, while 2D nav-

matching was better (P=0.0039) only in one subject. The results have suggested that when 

a subject can stay still and breathe consistently, both 2D and 1D nav-matching can generate 

accurate live-view 3D images. The (maximum) SSIM values obtained for nav-matching 

were 0.934±0.047 for 1D navigators and 0.881±0.044 for 2D navigators averaged over all 

the data points and all the subjects. Corresponding SSIM values between the live-view 

3D images and the reference 3D images were 0.875±0.033. These values are treated as a 

baseline when nav-matching is performed under a good breathing condition without body 

movements.

Experiment 3

Experiment 3 compared the performance of 2D and 1D navigators for detecting body 

movements that may occur between the off-view and live-view stages. Results from two 

representative subjects are shown in Figure 9. In the first subject (left), there is a clear 

shift of body position between the off-view stage and the live-view stage (yellow arrows). 

The SSIM values obtained from both 3D images and 2D navigators are consistently low, 

indicating detection of the body movement, while the SSIM values obtained from 1D 

navigators are higher, suggesting that 1D navigators cannot characterize the body movement 

well. A similar finding was observed in the second subject (right). For this subject, the 

shift of body position was very small as indicated by the red arrows in the 3D images. The 

difference of body position could be identified from both 3D images and 2D navigators 

with consistently low SSIM values, while the SSIM values obtained from 1D navigators are 

higher. Summarizing results from all the 9 subjects, the maximum SSIM values between 

live-view and off-view navigators were 0.832±0.123 for 1D navigator and were 0.484±0.156 

for 2D navigator. Corresponding SSIM values between the live-view 3D images and the 

reference 3D images were 0.689±0.061. Compared to the baseline SSIM obtained in 

experiment 2, it can be seen that when body movements occur, 2D navigator-based nav-

matching leads to a 45% reduction in SSIM while 1D navigator-based nav-matching only 

leads to 11% of reduction in SSIM. Note that in this experiment, a large deviation of 

the maximum SSIM from the baseline value indicates better performance in detecting the 

change of body position occurring between the off-view and live-view stages.
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Experiment 4

Experiment 4 demonstrated the performance of live-view GRASP MRI when a live-view 

scan only acquires 2D navigators. Figure 10a shows live-view 2D navigators and resulting 

live-view 3D images at two different time points from a subject. SSIM curves calculated 

from the 3D images (red curve) and the 2D navigators (blue curve) are shown in Figure 

10b with a strong correlation (CC=0.9344). Corresponding cine movies from this subject 

are shown in Supporting Information Video 6. For all the 9 subjects, the CCs between the 

live-view 3D images and 2D navigators were 0.924 ± 0.051. The results have demonstrated 

the feasibility of live-view GRASP MRI with navigator-only live-view scanning, which is a 

situation one would expect in practice.

Discussion

This work proposed a framework called live-view GRASP MRI to enable low-latency and 

high-fidelity real-time 3D imaging, which could potentially be applied for motion adaptive 

radiotherapy on an MRI-Linac system. The proposed imaging framework includes two 

imaging stages. The off-view stage generates a 4D motion database with associated 2D 

navigators. The live-view stage can only acquire 2D navigators, and real-time 3D images can 

be efficiently generated with simple 2D pattern matching using acquired navigators.

Although the idea of two-stage imaging was previously explored in MRSIGMA (29) and 

SPIDERM (30), there are a number of limitations in these two approaches. A major 

limitation of MRSIGMA, among several others, is the generation of a motion database based 

on respiratory-resolved 4D imaging, which requires an explicit step for motion extraction 

and relies on stable and uniform breathing. In addition, the use of 0D navigators for nav-

matching in MRSIGMA can be limited in characterizing different motion uncertainties. 

Although the use of 1D navigators in SPIDERM improves this situation, 1D navigators are 

still not sufficient to detect some types of movements that may occur in practice, as shown 

in this work. Moreover, SPIDERM uses a pre-learned spatial basis to generate 3D images 

in real time. This relies on matrix multiplication, which could be computationally expensive 

with higher dimensional navigators.

Live-view GRASP MRI proposes several components to address these limitations. First, a 

new sampling scheme called navi-stack-of-stars has been developed for the off-view stage, 

which embeds 2D navigators periodically into stack-of-stars golden-angle radial sampling. 

The main advantage of using 2D navigators over 0D or 1D navigators is the ability to 

characterize and identify unexpected respiratory variations and/or body movements within 

the off-view stage and/or between the two stages, as demonstrated in the above experiments. 

This is expected to be a very important feature, as a consistent breathing condition may not 

always be available, and therefore, the ability to characterize respiratory variations and/or 

body movements using navigators is highly important and necessary. Once a good breathing 

condition is obtained, live-view GRASP MRI is able to generate real-time live-view 3D 

images efficiently. Second, the motion database in live-view GRASP MRI consists of 

time-resolved 4D images without the need for explicit motion detection. In this work, a 

temporal resolution of ~0.3s/volume was obtained, which is sufficient to resolve respiratory 
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motion. Third, when 2D navigators are used, nav-matching could be efficient with parallel 

computing to ensure a low imaging latency.

Another major advantage of using 2D navigators is practical implementation of navigator-

only live-view scans, as demonstrated in this work. To date, navigator-only live-view scans 

have not been demonstrated in both MRSIGMA and SPIDERM. One reason behind this 

could be the need to maintain consistence of navigator acquisition between two imaging 

stages. For example, although MRSIGMA only needs 0D navigators, full radial stacks 

are still acquired in its live-view stage (29), since they are needed to extract a motion 

signal in a similar way as that in the off-view stage. Similarly, SPIDERM acquires both 

head-to-foot 1D navigators and stack-of-stars imaging data alternatively in both off-view 

and live-view stages. This acquisition scheme requires rapid and large gradient changes to 

alternatively acquire image data and 1D navigators, which may introduce eddy currents to 

the 1D navigators. If only 1D navigators are acquired in the live-view stage, there will be 

minimum eddy currents, and thus the 1D live-view navigators may not match well with the 

off-view navigators acquired with lager gradient jumps. This could be a restriction of using 

0D or 1D navigators for the live-view stage in practice.

A major limitation of live-view GRASP MRI, with its current implementation, is the slow 

reconstruction speed to generate a 4D motion database. This is attributed to two reasons. 

First, our proof-of-concept implementation has been implemented in MATLAB. Second, a 

large number of 3D images need to be reconstructed for the 4D motion database. However, 

it is expected that this challenge could be addressed with deep learning-based image 

reconstruction in high-performance GPU servers (26–28), which could substantially reduce 

waiting time between the off-view and live-view stages. Meanwhile, it is also possible that 

there is no need to generate so many 3D images for the motion database, but this will require 

additional investigation in future work.

This study also has a few other limitations that need discussion. First, this study used a 

gradient echo (GRE) sequence on a 3T scanner for proof of concept. However, 3T MRI-

Linac systems are not available to date. Although the SNR of a GRE sequence becomes 

lower at lower magnetic field, it is expected that other sequences, such as balanced steady-

state free precession (bSSFP) sequence, can be more reliably implemented, which enables 

good SNR and contrast. The selection and optimization of imaging sequence are certainly 

another important topic that requires careful investigation in future work. Another limitation 

of live-view GRASP MRI is the need to store a large number of 3D images for a 4D 

motion database. This may require a large amount of memory. Therefore, it is important to 

study whether a smaller number of 3D images would be sufficient to ensure good 4D MRI 

reconstruction and 2D nav-matching.

Conclusion

This study has proposed a new framework called live-view GRASP MRI. It represents 

a novel, accurate and robust framework to extend the two-stage imaging scheme for low-

latency and high-fidelity real-time volumetric imaging. The primary application of live-view 

GRASP MRI will be adaptive radiotherapy on an MRI-Linac system.
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Figure 1. 
The live-view GRASP MRI framework includes two imaging stages. The first stage (a) is 

called an off-view stage that acquires both 3D images and 2D navigators, and each 3D 

image is linked to a 2D navigator. The second stage (b) is called a live-view stage that only 

acquires 2D navigators. At each time point, a 2D live-view motion navigator is acquired and 

is compared to all the 2D off-view motion navigators. A 3D image linked to the off-view 

motion navigator that best matches the newly acquired live-view navigator is selected as the 

3D image for the current time point. In this way, 3D images can be generated efficiently in 

the live-view stage without lengthy acquisition and reconstruction.
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Figure 2. 
Comparison of standard stack-of-stars sampling (a) with navi-stack-of-stars sampling 

(b). Navi-stack-of-stars sampling is modified from the stack-of-stars trajectory, and it 

alternatively acquires both regular radial stacks rotated by a golden angle and 2D navigator 

stacks with a 0-degree acquisition angle. A navigator stack is acquired every other two 

regular radial stacks. From the navigator stacks, coronal 2D projections are obtained with 

a 2D FFT, and the projections serve as motion navigators. A 3D image is reconstructed 

from two regular radial stacks (2 radial spokes in each slice), as shown in (b), and the 

reconstructed 3D image can be linked to a 2D navigator acquired between the two regular 

stacks.
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Figure 3. 
Comparison of time-resolved high-temporal-resolution 4D images (0.3s per 3D volume) 

reconstructed using GRASP-Pro with respiratory motion-resolved images (10 respiratory 

phases) reconstructed using XD-GRASP. (a) In a patient with HCC acquired during irregular 

breathing, GRASP-Pro reconstruction was able to resolve respiratory motion while XD-

GRASP reconstruction suffers from residual motion blurring, particularly in the HCCs 

(yellow arrows). (b) In a volunteer acquired with body movement during the scan (green 

arrow), XD-GRASP reconstruction yielded blurring while GRASP-Pro reconstruction 

enabled better image quality.
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Figure 4. 
SSIM curves from two representative subjects from study 1 in experiment 1 (without 

prescribed breathing instruction during the scans) comparing the performance for detecting 

respiratory variations using 2D and 1D navigators. Although 2D and 1D navigators could 

both detect irregular breathing in the first subject, 1D navigators failed to detect a motion 

drift in the second subject. In contrast, 2D navigators were able to detect the drift as well as 

the reference 3D images. 1D navigators were obtained by taking the kz-directional central 

k-space lines from the 0° navigator stacks followed by a 1D FFT and multicoil combination 

using sum of square.
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Figure 5. 
SSIM curves from two representative subjects from study 2 in experiment 1 (with prescribed 

body movement during the scans) comparing the performance for detecting respiratory 

variations using 2D and 1D navigators. The first subject had an obvious body movement 

while the second subject only had a small movement, as shown in the reference 3D images. 

For both subjects, 1D navigators failed to detect the body movement, while 2D navigators 

could successfully detect the motion.
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Figure 6. 
Correlation coefficients (CCs) for all the 24 datasets from study 1 (left) and all the 18 

datasets from study 2 (right) in experiment 1 comparing the SSIM curves between 3D 

reference images and 2D or 1D navigators. 2D navigators yielded consistent improvement 

over 1D navigators for detecting respiratory variations and/or body movements in the 

off-view stage. For study 1, the CCs were 0.886 ± 0.049 between 2D navigators and the 

reference and were 0.791 ± 0.148 between 1D navigators and the reference. For study 2, 

the CCs were 0.967 ± 0.023 between 2D navigators and the reference and were 0.721 ± 

0.244 between 1D navigators and the reference. A higher CC indicates a higher positive 

correlation with the reference and thus better performance.
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Figure 7. 
Two live-view 2D navigators and corresponding live-view 3D images from one subject 

at two different time points. The live-view 3D images match well with the reference 3D 

images.

Feng Page 22

Magn Reson Med. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
(a) Comparison of live-view 3D images obtained with 2D nav-matching and 1D nav-

matching along with corresponding reference 3D images in one subject. (b) SSIM values 

between reference 3D images and live-view 3D images with 2D nav-matching (left) and 

SSIM values between reference 3D images and live-view 3D images with 1D nav-matching 

(right) from a total of 450 time points (9 subjects and 50 time points each). There were 

no significant differences in 8 subjects (P=0.074–0.46) between 2D nav-matching and 1D 

nav-matching, while 2D nav-matching was better (P=0.0039) only in one subject. A higher 

SSIM indicates better accuracy of nav-matching.
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Figure 9. 
Comparison of 2D navigators and 1D navigators for detecting body movements that may 

occur between the off-view and live-view stages. In the first subject (left), there is a clear 

shift of body position between the off-view stage and the live-view stage (yellow arrows). 

The SSIM values obtained from both 3D images and 2D navigators are consistently low, 

indicating successful detection of the movement, while the SSIM values obtained from 1D 

navigators are higher, suggesting that 1D navigators may not be able to detect the body 

movement. In the second subject (right), a small shift of body position occurred between the 

two stages as indicated by the red arrows in the 3D images. The difference of body position 

could be identified from both 3D images and 2D navigators with consistently low SSIM 

values, while the SSIM values obtained from 1D navigators are higher.
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Figure 10. 
Live-view 2D navigators and resulting live-view 3D images at two different time points from 

one subject. SSIM curves calculated from the 3D images (red curve) and the 2D navigators 

(blue curve) are shown in Figure 10b with a strong correlation (CC=0.9344). A CC above 

0.9 indicates a very high positive correlation.
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