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Abstract

Purpose—To explore the feasibility of measuring ventilation defect percentage (VDP) using 19F 

MRI during free breathing wash-in of fluorinated gas mixture with post acquisition denoising and 

to compare these results with those obtained via traditional cartesian breath-hold acquisitions.

Methods—8 adults with cystic fibrosis (CF) and 5 healthy volunteers completed a single MR 

session on a Siemens 3.0T Prisma. 1H Ultra short echo time (UTE) MRI sequences were used 

for registration and masking, ventilation images with 19F MRI were obtained while the subjects 

breathed a normoxic mixture of 79% perfluoropropane and 21% oxygen. 19F MRI was performed 

during breath-holds and while free breathing with one overlapping spiral scan at breath-hold for 

ventilation defect percentage (VDP) value comparison. The 19F spiral data was denoised using a 

low-rank matrix recovery approach.

Results—VDP measured using 19F VIBE and 19F spiral images were highly correlated 

(r=0.84) at 10 wash-in breaths. Second breath VDPs were also highly correlated (r=0.88). 

Denoising greatly increased SNR (pre-denoising spiral SNR: 2.46±0.21, post-denoising spiral 

SNR: 33.91±6.12, breath-hold SNR: 17.52±2.08)

Conclusion—Free breathing 19F lung MRI VDP analysis was feasible and highly correlated 

with breath hold measurements. Free breathing methods are expected to increase patient comfort 

and extend ventilation MRI use to patients unable to perform breath-holds, including younger 

subjects and those with more severe lung disease.

Corresponding author: Yueh Z. Lee, Leey@med.unc.edu, Phone: (919) 423-7195, Address: 101 Manning Drive CB #7510, Chapel 
Hill, NC 27599-7510.
*Author Sang Hun Chung and Author Khoi Minh Huynh contributed equally to this work

HHS Public Access
Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2024 July 01.

Published in final edited form as:
Magn Reson Med. 2023 July ; 90(1): 79–89. doi:10.1002/mrm.29630.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Lung MRI; free breathing; VDP; 19F; cystic fibrosis

Introduction
19F pulmonary MRI with fluorinated gases has been used to characterize ventilation 

abnormalities such as unventilated areas (ventilation defect percentages) and poorly 

ventilated regions (fractional lung volume with prolonged gas washout time in both 

cystic fibrosis (CF) and chronic obstructive pulmonary disease (COPD)1–6. The 19F gases, 

including C3F8 and SF6 can be mixed with oxygen to create normoxic gas mixtures. 
19F MRI has the potential to spatially measure lung function3 at multi-slice acquisitions 

encapsulating the full 3D lung cavity without the need for ionizing radiation. Although 

hyperpolarized (HP) gas MRI approaches using 3He 7–12 and 129Xe13–19 offer greater 

absolute signal, no hyperpolarizer is needed for 19F imaging, and the signal does not decay 

with time. 19F gases also make multi-breath wash-in/out studies possible due to being 

chemically inert and mixable with oxygen without losing its magnetic resonance behavior4. 

Multiple 19F gas inhalations has been shown to be generally safe3,20,21.

One major limitation of 19F MRI with conventional sequences is the scan time required to 

achieve adequate signal-to-noise ratio (SNR), as most 19F lung acquisitions are performed at 

breath-holds with an acquisition time of 5.62 to 18 seconds4,6,22. This limitation constrains 
19F lung imaging to patients able to follow commands and who are comfortable holding 

their breath for this duration. A much shorter acquisition time could greatly increase patient 

comfort and allow free breathing scans, making possible the application of 19F MRI to 

participants unable to reliably hold their breath during image acquisition. The importance 

of facilitating the development of novel ventilatory biomarkers that can be used in young 

children cannot be understated. In the case of CF, early detection and treatment is important 

to prevent irreversible damage in the lungs and to allow us to study the effect of early 

disease interventions. However, research and development of novel therapies for children 

has historically been stymied by outcome measures that are impractical or impossible in 

young children23–25.

Free breathing functional MRI with x-nuclei has been studied with mice lung models using 

hyperpolarized 129Xe respiration-gated phase encoding26 and using SF6 with 5 minute 

acquisitions27, both of which are not suitable for gas dynamics analysis. 19F free breathing 

human lung MRI with temporal resolutions as short as 0.544 seconds28, 0.98 seconds29, and 

2.1 seconds4 have been achieved by Gutberlet et al. However, free breathing was applied 

to only the wash-out portion resulting in wash-out dynamic metrics such as time to wash-

out, number of breaths to wash-out and fraction ventilation (FV), while ventilation defect 

percentage (VDP) was omitted28 or measured from the static breath-hold acquisitions4.

Analysis of VDP during multi-breath wash-in protocols has the potential to discriminate 

between completely unventilated lung, slowly ventilated regions, and regions with gas 

trapping in a way that is not feasible with single breath contrast imaging30. VDP has been 

shown to be affected by the number of contrast agent breaths, partially due to slow or 
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collateral ventilation13. Hyperpolarized methods have been traditionally performed using a 

single breath of tracer gas30,31 due to difficulty to hyperpolarize large gas volumes. Oxygen 

(O2) delivery with hyperpolarized gases is also a challenge due to the depolarization effect 

of O2
32. HP multi-breath wash-in lung imaging has been achieved12 but require additional 

hardware for accurate on-site mixing of gas volumes and T1 change correction. In contrast, 
19F gases are commercially available as pre-mixed normoxic (21% O2) mixture that can 

be obtained and stored in large quantities and delivered directly to patients, making multi-

breath wash-in studies logistically simpler.

This paper explores the feasibility of using a fast spiral acquisition sequence(0.45 second 

temporal resolution) combined with post-acquisition denoising33 to reduce scan time while 

maintaining adequate SNR for the analysis of VDP during wash-in. The free-breathing 

acquisition method was compared to a previously published 19F MRI acquisition method6,13 

where images were obtained during breath-holds. We examined the correlation of VDP 

determined by each approach at varying timepoints of gas intake.

Methods

Materials

MRI acquisitions were performed on a multi-nuclear capable Siemens Prisma 3.0T scanner 

(Siemens Medical Systems, Erlangen, Germany) and a custom, commercially available 

8-channel transmit/receive 19F-tuned chest coil (ScanMed, Inc., Omaha NE, model: 

668SI3001). Figure 1 shows the gas delivery set-up34, comprised of a gas reservoir and 

valves attached to an MR-compatible frame. The air-flow direction is controlled with one-

way valves and a tight-fitting non-rebreathing mask to separate inhalation and exhalation 

flows. Flow-rate sensors are used to monitor inhalation/exhalation states at scan time.

8 adults with CF (ages 20–37, 6 female) and 5 healthy volunteers (ages 22–27, 3 female) 

contributed data to this study. Written informed consent was obtained from all participants. 

The study was approved by the University of North Carolina Institutional Review Board.

Acquisition
1H UTE MRI images were acquired with the embedded scanner body coil during a 17 

second maximal inspiration breath-hold while the participant was breathing room air. Using 

the 3D fast low angle shot (FLASH) sequence (TE/TR, 0.05/2.42 ms; FA, 5°; resolution, 

2.14 × 2.14 mm; slice thickness, 2.5 mm; number of slices, 103; acquisition matrix, 224 × 

224, trajectory, spiral; interleaves, 130; spiral duration,1160 μs; slice partial Fourier, 6/8), 

breath-hold images were acquired at full inspiratory capacity. For the gas inhalation portion 

of the scan, participants breathed a mixture of 79% PFP and 21% O2 (Airgas Healthcare, 

Radnor, PA; used under IND 122,215). During gas wash-in, participants inhaled the PFP 

mixture starting with a tidal volume inspiration/expiration cycle followed by a maximal 

inspiration and 18 second breath-hold, as illustrated in Figure 2.

During the breath hold, a 3D Volumetric interpolated breath-hold examination (VIBE) 

sequence (TE/TR, 1.61/13 ms; FA, 74°; resolution of 6.25 × 6.25 mm; slice thickness, 15 

mm; number of slices, 18; acquisition matrix, 64 × 64; bandwidth, 130 Hz/pixel; averages, 
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2; partial Fourier, 6/8) was performed; once the acquisition ended, the patient was instructed 

to exhale and then began next respiratory cycle (tidal inspiration/expiration then maximal 

inspiration with breath hold). 5 cycles were performed for the wash-in portion resulting in 5 

breath-hold acquisitions (gas inhalation total: 5 deep inspirations and 5 tidal inspirations,15–

20 L). The wash-out portion was collected similarly but with the participant breathing room 

air (not used for analysis in this study). Wash-out cycles were repeated until no 19F signal 

was visible. More details of the approach were previously reported6,13.

In between the breath-hold scans, a multi-shot (4 arms), 3D stack-of-spirals sequence tuned 

to 19F was applied while the participant performed their tidal volume breath. A uniform 

spiral trajectory was designed and the readout time for each spiral interleaf was ~3.6 

ms. A total of 12 repetitions were acquired and each repetition lasted 0.45 seconds. The 

participants were instructed to end breath-hold and start free breathing after 0.5 seconds 

had passed from the start of spiral acquisition to maintain lung inflation between VIBE 

and spiral acquisitions. Spatial resolution, position, and the number of slices were identical 

to the breath-hold VIBE acquisition. Other imaging parameters included: TE/TR, 0.48/11 

ms; FA 74°; partial Fourier along the partition-encoding direction, 6/8. Similar to the VIBE 

acquisition, a 0.4-ms hard pulse was used in this study for volumetric excitation. The first 

gas intake scans are referred as VIBE_Wi2 and Spiral_Wi2 (taken after a tidal inspiration 

and during a deep inhalation breath-hold), the last wash-in scans are referred as VIBE_Wi10 

and Spiral_Wi10 to refer to the scan time point based on the total number of wash-in 

inhalations (both deep and tidal).

The 19F VIBE scans and 1H FL3D scans were saved as DICOM images and imported to 

MIM (MIM 6.9.2, MIM Software, inc. Cleveland, OH) to define the whole thoracic lung 

cavity mask. The masks were drawn from a fusion of 1H and 19F VIBE, by hand and with 

bias towards the 19F outline if inflation difference was present. The spiral scan data was 

exported as RAW files and reconstructed in MATLAB (MATLAB R2019b, The MathWorks, 

inc.) using the Michigan Image reconstruction toolbox (MIRT)36.

Denoising

The data was denoised using low-rank matrix recovery with optimal shrinkage of singular 

value37, an idea akin to Principal Component Analysis (PCA) denoising. Specifically, for 

each voxel, we selected a 3-by-3-by-3 block of neighboring voxels, forming a vector of 

voxel measurements. We then stacked the respective vectors of voxel measurements from all 

channels, repetitions, and timepoints to form a signal tensor, which can be reshaped to a 2-D 

matrix. This matrix is inherently low-rank due to signal similarity across neighboring voxels, 

channels, repetitions, and timepoints, as the same lung region is studied from multiple 

vantage points. However, the random noise obscures this low-rank structure, making the 

matrix full-rank. Therefore, with proper low-rank matrix recovery, we can remove the noise 

and reveal the underlying signal.

This approach has been proven to be effective in diffusion MRI context33. Note that to 

satisfy the random Gaussian noise assumption of the low-rank matrix recovery technique, 

we performed denoising for the real and imaginary part of the complex data separately. 

The resulting multi-coil spiral data was then combined using the adaptive reconstruction 
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method38. Lastly, the spiral scans were registered to the VIBE scans using the MATLAB 

functions imregtform and imtranslate rigidly using only translation.

The spiral F19 data was acquired and processed as follow:

1. Acquire 12 repetitions for 4-arm spiral data and reconstruct it using non-uniform 

fast Fourier transform, yielding a 5D Cartesian complex-valued data of 3 spatial 

dimensions (x, y, and z), channels, and repetitions.

2. Perform Mahalanobis whitening transformation for cross-channel de-correlation 

to ensure independent and identically distributed Gaussian noise across channels.

3. Using an overlapping sliding-block approach, a tensor of 3×3×3 voxels block 

across 8 channels and 12 repetitions was reshaped into a 17×96 Casorati 2D 

matrix for denoising. While the noisy matrix is full-rank due to noise, the 

actual noise-free matrix is low-rank due to correlated measurements from all 

channels, repetitions, and voxels in the block. We reveal this low-rank structure 

by mapping the matrix’s singular values using an optimal shrinking function 

in33,37

Specifically, for a noisy M × N 2D matrix S, perform singular value 

decomposition

S = NUΣV T

Where U and V are the unitary matrices containing the left and right singular 

vectors of S and ∑ is the diagonal matrix of which diagonal elements are singular 

values s1 ≥ s2 ≥ s3 ≥ … ≥ sM.

The singular values are then mapped using

f s =
1

z2 y y
z4 y − δ − δyz y ,     if   z4 y ≥ δ + δyz y

0   ,     otℎerwise

Where y = s/σ with noise level σ, δ = M
N , and

z y = 1
2 y2 − δ − 1 + y2 − δ − 1 2 − 4δ

The estimated noise-free matrix is then

S = NUΣV T

Where the diagonal matrix Σ has diagonal elements of f(s1), f(s2), f(s3), …, 

f(sM).

The noise level σ is estimated during denoising as
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σ = s0.5

Nδ0.5

Where s0.5 is the median of all s1 ≥ s2 ≥ s3 ≥ ⋯ ≥ sM and δ0.5 is the median of the 

Marcenko-Pastur distribution, determined by solving

∫
δ−

δ0.5 δ+ − x x − δ−
2πx dx = 0.5

With δ± = 1 ± δ 2.

This shrinkage step was done for the real and the imaginary parts of the 

complex-valued data separately.

4. Perform adaptive channel combination giving a complex 4D data of 3 spatial 

dimensions and the fourth for repetitions.

5. Compute the magnitude of the complex-valued data.

6. Select the spiral first repetition for VDP and SNR calculations.

Ventilation Defect Percentage and SNR

Regions in the lung with signal lower than the 95th percentile signal intensity4,39 of the most 

posterior slice (outside the lung, representing a noise-only region) were characterized as 

VDP. The VIBE SNR was calculated as the ratio between the mean signal (inside the whole 

lung ROI, excluding VDP) over the standard deviation (taken from the most posterior slice, 

outside the lung). The Spiral SNR for both pre and post denoising was calculated spatially 

by diving voxel magnitudes by the noise standard deviation calculated by the Marchenko 

Pastur (MP-PCA) method40,41,42. The spiral SNR values are reported from the average voxel 

wise SNR inside the lung cavity excluding VDP regions. The VDP processing workflow is 

shown in Figure 3. For comparison, VDP values are taken from the first single repetition 

spiral scans immediately following the VIBE scans. SNR values are calculated from the last 

wash-in scans (Wi10).

Statistical Analysis

Analysis of variance was performed on all measured VDPs using 2-way repeated measure 

ANOVA and multiple comparisons were corrected with Tukey (SAS 9.4, SAS Institute Inc., 

Cary, NC, USA). Bland-Altman plots were generated to show difference in means. Pearson 

Correlation coefficients (r) were calculated using the MATLAB corrplot function (MATLAB 

R2019b, The MathWorks, inc.).

Results

FEV1 % predicted and SNR

FEV1 % predicted was measured for each participant prior to MRI scanning. Table 1 shows 

the CF/Healthy groups with the measured FEV1 % predicted and SNR values.
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The 19F VIBE scans yielded an average SNR of 16.93±1.80 for CF and 18.46±2.34 for the 

healthy group. Before the denoising procedure, 19F spiral scans had an average SNR of 

2.38±0.19 for CF and 2.60±0.19 for the healthy group. The denoised 19F spiral scans had an 

average SNR of 31.60±5.47 for CF and 37.61±5.68 for the healthy group. Figure 4 shows 

example slices from a VIBE acquisition (breath hold), and from spiral acquisitions before 

and after denoising was performed, the last bottom line shows the corresponding spiral SNR 

maps.

Ventilation Defect Percentage

VDP values were calculated at each breath cycle, with emphasis placed on the first scans 

(VIBE_Wi2, Spiral_Wi2) and after the 5th breathing cycle when the lung likely neared gas 

saturation (VIBE_Wi10, Spiral_Wi10). Figure 5 shows coronal slice images with VDP maps 

as green areas for a representative CF and healthy volunteer.

Statistical Analysis

The Pearson correlation coefficient relating the VDP from VIBE_Wi10 was highly 

correlated to the spiral_Wi10 VDP (r=0.84). The VDP from spiral_Wi2 was also highly 

correlated with both the VDPs from VIBE_Wi2 (r=0.88) and spiral_Wi10 (r=0.88). FEV1 

% predicted was not strongly correlated to any measured VDP, with the highest correlations 

from VIBE_Wi10 (r=−0.52) and VIBE_Wi2 breath (r=−0.52).

The VDPs also showed a difference in mean values between the approaches, with the mean 

VDP of spiral_ Wi2 higher by 5.3 % than the mean VDP from spiral_Wi10. The mean 

VDP of VIBE_Wi2 was higher by 19 % over the mean VDP of VIBE_Wi10. The mean 

VDP of VIBE_Wi10 was lower by 1.8 % compared to the mean VDP from spiral_Wi10. 

The mean VDP of VIBE_Wi2 was higher by 12 % over the mean VDP of spiral_ Wi2. 

The differences in mean values are shown as Bland-Altman plots in Figure 6. With the 

exception of VIBE_Wi10 vs. spiral_Wi10 (p = 0.074), all other comparisons were found to 

be statistically significant with p ≤ 0.001.

VDPs at Wi2 breath were greater when compared to VDPs at the last wash-in. However, 

the VIBE VDPs at Wi2 were generally much higher. In Figure 7 VIBE VDPs start 

proportionally high before plateauing at Wi10. This effect is reduced in the spiral VDPs.

Discussion and Conclusion

Future implications

Evaluating ventilation with MRI based free-breathing approaches has been of significant 

interest to a number of research groups, especially given the applicability across a range 

of ages, and potential to eliminate sedation requirements for younger children. Though 

free-breathing 19F studies have also been reported by other groups4,26–29,43, our 0.45 second 

temporal resolution spiral 19F acquisition with denoising allows free-breathing ventilation 

acquisition with substantial SNR improvement capable of VDP measurement. Our results 

suggest that 19F free breathing acquisition with denoising for measuring VDP is comparable 

to those results obtained via cartesian VIBE breath-hold acquisitions. The significance of 
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these results indicates that breath-hold acquisitions could be replaced by free breathing 

acquisition on wash-in while maintain the ability to measure regional VDP.

With free breathing scans, participant fatigue from repeated breath holds would no longer 

be a limiting factor for ventilation studies; instead, the test would be constrained by the 

amount of gas available. Bag volumes are readily customizable, and our studies are currently 

performed with a 30L bag. Longer wash-in/out sessions with 19F might enable the further 

characterization of VDP in various disease states. For example, a computed tomography 

(CT) study using xenon gas as contrast agent showed that in the presence of complete 

bronchial obstruction, unventilated areas will eventually reach signal saturation through 

collateral flow in 72 tidal breaths using a canine model39. A longer wash-in cycle might 

allow for additional characterization of slow-ventilating regions due to local bronchial 

obstruction, as compared to complete defects resulting from alveolar obstruction.

In a prior study comparing 19F MRI to 129Xe HP-MRI13 in CF patients, we established 

that ventilation defects calculated after single breath-holds of hyperpolarized xenon were 

not equivalent to those assessed after multiple breaths of a perfluorinated gas. The proposed 

explanation is that longer exposure to a contrast gas allows for regional filling due to 

collateral ventilation to a partially or completely obstructed area. Thus, one might expect 

that additional wash-in breaths could reveal a more complete picture of the dynamic 

ventilatory capacity of the lung.

Removing the need for breath holds in an acquisition is anticipated to improve patient 

comfort, possibly improving breath size stability and compliance. We expect it will also 

facilitate 19F scans for the pediatric population and for those unable to perform breath holds. 

Other MRI free breathing lung ventilation assessment methods have been recently published 

such as Phase-Resolved Functional Lung (PREFUL)44–47 and a Deep Convolutional Neural 

Network (DCNN) based method48. Both methods only require 1H based scans with no 

contrast enhancing agents. PREFUL has the added advantage of calculating perfusion and 

has been applied to younger CF patients in the age range of 11–16 years old47. However, 
1H MRI ventilation methods operate in the scope of single breath changes, lacking the 

multi-breath dynamic ventilation assessment that 19F provides.

In our results, VDPs at Wi2 from the VIBE scans were higher than the first scan spiral 

VDPs (spiral_Wi2) by 5.3% difference in mean, which might reflect systematic 19F gas 

diffusion or collateral ventilation towards slow ventilated areas during the time length of 

the VIBE scan breath hold. Other possible causes of the lower overall VDP values from 

the spiral might be due to the relative decrease of noise level to the signal level due to 

denoising especially at voxels affected by partial volume. The spiral sequence (being sparser 

at the boundaries of k-space) also causes blurring which might partially explain the offset in 

measured VDP.

A current observation with our denoising method is that Spiral_Wi2 breath VDP values 

were lower compared to VIBE_Wi2. Although average signal intensity seems to be linear 

between the two methods, the change between signal and background noise distributions 
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due to denoising might be causing a discrepancy between VDP values that requires further 

adjustments in either denoising or VDP calculation methods.

Limitations

One limitation of this study is that our goal was to compare the two acquisition modalities 

while not exposing the participant to additional gas inhalation beyond what we have already 

studied. Therefore, we chose to run the spiral sequences in bursts of 12 repetitions in 

between each breath-hold acquisition. In future studies, we plan to conduct the scan with 

continuous spiral repetitions over multiple breaths with no interruption.

The spiral acquisition, while shortening the scan time, also introduces susceptibility to B0 

inhomogeneities, Eddy currents, and gradient delay errors resulting in distortions. Many 

correction methods have been published49–54 but have not yet been adapted widely by 

scanner manufacturers. It might be possible to achieve similar scan times using radial 

acquisition or acceleration methods such as GRAPPA, SENSE, or compressed sensing.

Another limitation is that SNR was calculated based on regions of interest (ROI) analysis 

of a ROI outside the thoracic cavity and a ROI with signal for the VIBE scans due to our 

group having access to only magnitude DICOM images. This approach does not provide 

information of spatially varying noise throughout the acquisition volume and makes it 

difficult for direct comparison with comparable denoising methods. The spiral SNR was 

calculated using the noise standard deviation from the Marchenko Pastur (MP-PCA)41,42 

denoising method. This method was used due to its ability to calculate noise standard 

deviation from channel combined complex MRI data without additional scans. However, 

the MP method assumes a gaussian noise distribution which might lead to inaccurate SNR 

values if the noise is not gaussian. An alternative to the ROI based SNR calculation is the 

pseudo multiple replica approach proposed by Robson et al.55, which is capable of in-vivo 

spatial noise calculations suitable for acquisitions where patient motion or physiological 

noise might be an issue. Future work will use a more complete and objectively comparable 

SNR calculation method needed specially when comparing or optimizing denoising methods 

in-vivo.

Denoising

The denoising process appears to decrease the difference in VDPs between Wi2 and 

Wi10 values (VIBE_Wi2 - VIBE_Wi10 = 19%, spiral_Wi2 - spiral_Wi10 = 5.3%). This 

might be due to denoising bringing the low ventilated areas above the noise threshold. 

The denoising process also changes the signal and noise distributions in the images. For 

the VIBE data, the intensity distribution in the background follows a Chi distribution 

while the distribution in the lung follows a non-central Chi distribution as the data was 

reconstructed using the sum-of-square method38,56. For the spiral noise data, both before 

and after denoising, the intensity distributions are Rayleighian because the data was 

reconstructed using adaptive channel combination38. Note that after denoising, the noise 

standard deviation was significantly lower and the distributions in the background and the 

lung (assumed to be purely signal of interest) are distinguishable, while before denoising, 

there is no significant difference between them.
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Low-rank matrix recovery denoising has been widely used to remove random additive 

noise in MR images40,57. Here, with the available multi-channel k-space data, our 

implementation33 utilizes the similarity in multiple measurements across channels and 

repetitions to further improve denoising power. In case the multi-channel data is not 

available, a simple solution is to use variance-stabilizing-transform (VST) to Gaussianize 

the Rician noise in the channel-combined data prior to low-rank matrix recovery58. One 

assumption of denoising across all channels and repetitions is that the misalignment between 

images is not significant. In case where misalignment is prominent, one could perform 

registration prior to denoising or non-local block-matching to stack spatial blocks with 

similar structural features for denoising together59.

Conclusion

In conclusion, this study shows the feasibility of VDP calculation with multi-breath wash-in 

taken during free breathing. The VDP from free-breathing acquisition was highly correlated 

to the VDP with breath-hold acquisition at the first wash-in scanned time point Wi2 (r=0.88) 

and at the last scanned wash-in time point Wi10 (r=0.84).
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Figure 1. 
Experimental set-up and gas apparatus34,35
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Figure 2. 
Acquisition method showing 5 deep inspiration breath holds, 5 tidal inspirations, and spiral 

timing at wash-in, Acquisitions taken from the second and 10th inhalations (first and 5th 

deep inspiration breath holds) were used in the analysis of VDP. The 12 spiral repetitions 

are illustrated as solid circle markers, with the first spiral repetition being taken while the 

participant was still in breath-hold.
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Figure 3. 
Processing workflow, arrows show the inputs for each processing step. A single mask is used 

to calculate VDP for VIBE and Spiral acquisitions
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Figure 4. 
Coronal slices of a healthy participant at the last wash-in scans, (A) VIBE_Wi10 at breath 

hold, (B) Spiral_Wi10 not denoised, (C) Spiral_Wi10 denoised, (D) Spiral_Wi10 SNR not 

denoised, (E) Spiral_Wi10 SNR denoised
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Figure 5. 
(A) Healthy participant, (B) patient with CF. VDPs are shown at the bottom of each image
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Figure 6. 
Bland-Altman plots between VDPs of VIBE_Wi2 & Spiral_Wi2 and VIBE_Wi10 & 

Spiral_Wi10, makers show CF status (solid circles: CF, orange +: Healthy)
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Figure 7. 
Graphs showing the relationship between average VDP and breath scan for all patients. (A) 

VIBE scans, (B) first repetition spiral scans for CF and healthy groups. Shaded areas show ± 

1 standard deviation
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Table 1.

Study Population FEV1 % predicted and SNR values

CF SNR Healthy SNR

Patient FEV1 % 
predicted

VIBE Spiral not 
denoised

Spiral 
denoised

Patient FEV1 % 
predicted

VIBE Spiral not 
denoised

Spiral 
denoised

1 106 16.86 2.54 36.14 9 98 17.92 2.71 41.44

2 99 17.72 2.52 35.06 10 88 19.21 2.63 40.62

3 92 17.72 2.54 38.49 11 92 19.82 2.63 36.22

4 94 14.95 2.26 26.79 12 110 20.68 2.74 41.53

5 74 13.73 2.18 25.2 13 116 14.68 2.27 28.23

6 103 19.28 2.61 36.62

7 106 18.27 2.17 26.24

8 64 16.93 2.24 28.28

mean 92.25 16.93 2.38 31.60 mean 100.8 18.46 2.60 37.61

st. dev 15.46 1.80 0.19 5.47 st. dev 11.88 2.34 0.19 5.68
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