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Introduction

Chronic pulmonary diseases — such as chronic obstructive
pulmonary disease (COPD), cystic fibrosis (CF), and chronic
thromboembolic pulmonary hypertension (CTEPH) —
require accurate and sensitive diagnostic techniques to
monitor progression and therapeutic response [1]. Tradi-
tional pulmonary function tests (PFTs), including the
Tiffeneau-Pinelli index, provide global lung function
parameters but lack the capacity to map region-specific
changes [2]. Imaging approaches like computed tomogra-
phy (CT) or single photon emission computed tomography
(SPECT) can visualize lung morphology and function but
inevitably involve ionizing radiation, making repeated
examinations challenging [3, 4].

Magnetic resonance imaging (MRI) offers a promising,
radiation-free alternative for lung function assessment.
Although low proton density and rapid signal decay in the
lung pose technical challenges [5], several methods have
been developed to address these limitations. For instance,
fluorinated "F or hyperpolarized gas MRI (e.g., '°Xe)
provides direct ventilation imaging [6] and, when paired

with intravenous contrast [7], yields perfusion information.

However, such techniques require specialized equipment,
trained personnel, and contrast agents, and they may raise
concerns over long-term safety.

Fourier decomposition (FD) is a contrast-free approach
that uses conventional proton MRI and postprocessing to
derive ventilation (V) and perfusion (Q) maps [8]. After
image registration, the respiratory and cardiac frequency
components of the time-series signal in each voxel
are extracted, enabling simultaneous V/Q assessment.
Soon, advanced versions of FD were developed [9-11],
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including self-gated non-contrast-enhanced functional
lung imaging (SENCEFUL) [12]. Incorporating an additional
DC acquisition in a quasi-random fast low-angle shot
(FLASH) sequence allowed to sort each individual k-space
line into one synthetic respiratory and cardiac cycle for
higher temporal resolution and analysis of ventilation
perfusion dynamics.

Following this idea, phase-resolved functional lung
(PREFUL) MRI uses extended post-processing, allowing
for retrospective image sorting according to respiratory
and cardiac phases in combination with a conventional
unmodified spoiled gradient-echo (GRE) or balanced
steady state free precession (bSSFP) acquired in free
breathing [13]. This allows dynamic V/Q assessment with
commercially available sequences. Consequently, PREFUL
MRI permits region-specific evaluations of dynamic lung
function, including ventilation, perfusion, and even phase-
based parameters such as flow-volume loop correlation
metric (FVL-CM) [14] and pulse wave transit time or veloc-
ity measurements [15, 16]. Furthermore, many clinical
studies have shown robust correlations with conventional
methods [17-19, 15], reproducibility across different
centers [20-22], and sensitivity in therapeutic and moni-
toring situations [23-29].

Despite these promising results, PREFUL remains
restricted to a few specialized centers, partly due to limited
awareness of the method’s technical feasibility and clinical
potential. This work aims to provide an overview of the
current PREFUL methodology, thereby facilitating broader
implementation.
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Theory

Four main components — proton density, time-of-flight
(TOF) effects, movement, and noise — primarily influence
the pulmonary time-series MR signal in free-breathing
spoiled gradient-echo acquisitions. Additional factors (e.qg.,
T1, T2/T2* decay, diffusion, field inhomogeneities) are
typically minimized through appropriate protocols (low flip
angle, short TR, asymmetric echo, and dynamic parallel
imaging [30]) and thus are omitted here. Pulmonary and
cardiac motion during the MR acquisition is compensated
by image registration. During expiration, shrinking lung
volume increases proton density and thus raises the MR
signal; during inspiration, the opposite occurs, forming
the basis of ventilation measurements through the signal-
volume relationship [31, 32]:

Equation 1 S-11V

Acquisition: 1 min/slice Registration
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Pulsatile blood inflow induces further signal modulations
known as TOF effect, which underpin perfusion measure-
ments. Given the lung’s inherently low signal, averaging
and filtering improve signal-to-noise ratio so that the
remaining variations predominantly reflect ventilation
and perfusion. Because these variations occupy distinct
frequency ranges, they can be separated by Fourier analy-
sis [33]. Ventilation is then quantified via the inverse
relationship between lung volume and proton signal,
yielding the regional ventilation (RVent) [34] parameter:

Equation 2

Reg Insp SExp

During the initial transient phase of the acquisition, the MR
signal has not yet reached steady state (SS) and thus briefly
reflects near-maximal magnetization. By fitting these early

Filtering and sorting

Respiratory-peaks  Cardiac-peaks

n Simplified illustration of the phase-resolved functional lung (PREFUL)" MRI workflow: (1A) Free-breathing spoiled gradient-echo acquisition,
(1B) motion correction via image registration, (1C) signal filtering (high-pass (red curve) and low-pass (blue curve)) and phase sorting, and
(1D) synthesis of the cardiac and respiratory cycles (subset of phases provided). The resulting data are then quantified to yield various

functional parameters and generate a final report.
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data points to an exponential curve, it is possible to esti-
mate the maximum signal (S;). In addition, the signal
drop between S and steady state captures the potential
effect if all voxels were moving. Together, these measure-
ments serve as normalization factors for blood fraction
(BF) content:

Equation 3 BE=S s

0,Map 0,Vessel

and for flow-related signal difference Q in the steady state:

Equation 4 :
quation EF = Q/ Median (S,- SS)
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optimize signal coverage of the lungs, and care is taken
to secure it without restricting breathing. Localizer scans
establish orientation, and a transversal morphological
image is acquired to identify the tracheal bifurcation,
which serves as a consistent landmark for coronal slices.
Depending on the protocol length, either a limited number
of slices (e.g., three slices spaced at 100%) or multiple
slices with smaller spacing (20%-33%) are acquired to
cover the lungs; each slice is acquired separately rather
than interleaved. Typical temporal resolutions range from
approximately 3 to 5 images/second. A representative
protocol is provided in Table 1. Example slice positioning
is shown in Figure 2.

as fully detailed by Glandorf et al. [35], and allow full
quantification of perfusion (QQ) in mL/min/100 mL:

Equation 5
60 s 100

—EF-BF-W.f .25, 20
Q Heat min VWV - 100

with the heart frequency f,_  determined from the fourier

spectrum and the voxel volume (VV).

Methods

Figure 1 gives a simplified overview of the core protocol
steps, consisting of acquisition, registration, filtering

and sorting, and final cycle synthesis. Further details are
described in the following sections. More in-depth informa-
tion can be found in previous articles [13, 36].

For this article, retrospective evaluation of unpublished
data from a healthy volunteer and a representative CF
patient who participated in a previously published study
on elexacaftor-tezacaftor-ivacaftor (ETI) therapy [28] was
performed.

Acquisition

After standard MRI safety precautions and prescreening
for contraindications, participants are placed head-first
and supine on a 0.55T, 1.5T, or 3T scanner table. A
multi-channel flex coil is positioned beneath the chin to

Slice 1
Slice 2
Slice 3

Slice 2

Slice 1
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Parameter Setting
Sequence SPGRE, bSSFP
Orientation Coronal

Field of view (FOV) 500 x 500 mm?

Slice thickness (ST) 15 mm

Repetition time (TR) 3 ms or lower

Echo time (TE) 1 ms or lower

Bandwidth (BW) 1500 Hz/Pixel

Flip angle (FA) ~5° (Ernst angle)

Acceleration T-GRAPPA 2x

Temporal resolution (dt) > 3 frames/second

Frames/measurements up to 500 depending on dt

Total duration / slice 1 minute

Table 1: Typical sequence settings for a PREFUL' acquisition. Please
note that some settings such as TE, TR, and FA will depend on
the field strength and gradient system.

Postprocessing

Following acquisition, images are corrected for respiratory
and cardiac motion, filtered for noise reduction and VIQ
separation, and sorted to generate phase-resolved data for
both ventilation and perfusion.

Example of slice positioning using a
transverse volumetric interpolated
breath-hold examination (VIBE)
sequence for planning. Then, three
coronal slices are acquired for PREFUL
in free breathing with a 100% slice
gap. The second slice is aligned with
the tracheal bifurcation to serve as a

Slice 3 repeatable anatomical landmark.
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General segmentation

To enable a fully automated processing pipeline, all
necessary segmentations are performed by either neural
networks (nnU-Net/U-Net for lung boundaries [37] and
vessel segmentation [38, 16]) or algorithmic methods for
the large central vessel [18]. The final lung parenchyma re-
gion of interest (ROI) is then generated by subtracting the
vessel segmentation from the lung boundary ROI. Figure 3
provides an illustration of the segmentation procedure.

Registration

Images are grouped into ten respiration-based categories
(inspiration to expiration). Non-rigid registration is
performed within each group toward an intermediate
lung position, then progressively between groups until
they converge to a mid-respiration reference (Group 5).
This approach (GOREG) minimizes the deformation per
registration step and enhances algorithmic stability [39].
As registration packages Advanced Normalization Tools
(ANTSs) [40] with BSplineSyN is known to deliver a good
registration quality. However, the less-explored polynomial
expansion-based algorithm (“Forsberg”) [41, 42] can offer
comparable results with shorter processing times [43, 44].

General filtering

Registered images are denoised using guided filtering [45]
with the temporally averaged image as a guiding image.
Low-pass and high-pass filters (cut-off around 0.7 Hz)

are applied to separate perfusion- and ventilation-related
components. The initial 20 images are discarded (except
in quantified perfusion calculations) to ensure a steady-
state signal.

Slice 1

Slice 2
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Perfusion

Cardiac phase determination relies on algorithmically
identifying strong perfusion-weighted signal regions in the
lung and mediastinum (red ROI, Fig. 3) [18]. A piecewise
sinusoidal fit of the corresponding time-series allows
phase-sorting of the cardiac cycle, which is then interpo-
lated (15 phases) to exceed the original sampling rate and
generate high-temporal-resolution perfusion dynamics.
This re-sorted dataset provides an entire cycle from diastole
to systole, and back to diastole (Fig. 1).

Ventilation

Respiratory frequency and tidal volume can vary substan-
tially, so a cosine model function is used to assign images
to specific respiratory phases based on signal amplitude.
The slope of the signal determines whether data belongs
to inspiration or expiration. Nadaraya-Watson kernel
regression then generates a uniformly sampled respiratory
cycle. RVent is calculated by comparing the mid-respiration
signal with inspiration and expiration signals (Equation 2)
[34].

Parameter calculation and thresholding

The synthesized full cardiac and respiratory cycles enable
derivation of additional functional parameters. RVent is
computed at each phase, while FVL-CMs are calculated as
an MRI analog to flow-volume loops of pulmonary function
tests [14]. Quantified perfusion involves normalizing early
transient-state images to account for proton density
changes, fitting an exponential model to reach maximal
magnetization, and then identifying cardiac phases with
maximal lung parenchyma signal [46, 35]. Blood fraction
and exchange fraction estimates are combined to calculate
perfusion in mL/min/100 mL (Equation 5).

lllustration of the segmentation
procedure for three slices. In the first
stage, a neural network identifies the
lung boundary (green). In the second
stage, intraparenchymal vessels are
excluded from the lung boundary.
Separately, an algorithm segments a
large vessel with a strong perfusion
signal (red).

Slice 3
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Parameter maps undergo static and dynamic thresholding
to classify ventilation and perfusion defects (VD/QD).
FVL-CM is thresholded with a fixed value of 90%. For the
remaining parameters, the 90" percentile is used as an
estimate for a normal value and multiplied with an empir-
ical factor (0.4 for RVent and 0.15 for QQ).

Corresponding defect percentages are computed
based on the proportion of voxels below the chosen
thresholds relative to total lung parenchyma. Combining
RVent and FVL-CM allows further subcategorization of VIQ
defects according to a fourfold table (see Table 2).

Defect VD No VD
QD VQM(D) QDP(Ex)
No QD VDP(Ex) VQM(H)

Table 2: The resulting four combinations when comparing ventilation
and perfusion defect (VD/IQD): VQ match of defects (VQM(D)),
VQ match of healthy regions (VQM(H)), and exclusive VDP
and QDP.

All analyses in the results section use Forsberg registration
and combine both RVent and FVL-CM metrics into a single
VD measurement, classifying a voxel as VD if either RVent
or FVL-CM (or both) met the defect criteria. Lung parenchy-
ma parameters are summarized using mean values, and
the complete set of ventilation/perfusion (V/IQ) metrics is
reported.

Results

Example data from a healthy volunteer (Fig. 4) demon-
strate homogeneous ventilation and perfusion throughout
the lung parenchyma, resulting in a 92% VIQ match. By
contrast, a cystic fibrosis patient (Fig. 5) shows heteroge-
neous distribution before treatment, corresponding to a
40% VIQ match. Following therapy, all parameters improve
markedly, culminating in a 93% V/Q match.

Discussion

In this article, we described the proton MRI technique
known as PREFUL, providing example results to highlight
its capabilities. A key distinction of PREFUL, compared to
techniques like Fourier decomposition and its derivatives,
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is its combination with a conventional spoiled gradient
echo (SPGRE) sequence. While balanced steady-state free
precession (bSSFP) sequences deliver a signal-to-noise ratio
advantage at 1.5T or lower, at 3T they suffer from reduced
image quality and banding artifacts that hinder analysis
[47]. Despite being developed for SPGRE, recent studies
have demonstrated that PREFUL provides strong compara-
bility with both sequences at 1.5T [48]. Besides the image
sorting algorithm, as an additional major difference in
post-processing, filtering is less restricted and amplitude
calculation is carried out in time domain to account for
frequency variations.

As outlined in the introduction, PREFUL has undergone
validation against gold standards like SPECT, dynamic
contrast-enhanced (DCE) MRI, and (hyperpolarized) gas
MRI [49, 17, 18, 50, 19]. It has been tested in a variety of
settings [51, 52, 20, 48, 44], including multi-center trials
[21, 22, 53] and at 0.55T [25, 26, 54], demonstrating
robust performance. PREFUL has proven capable of reflect-
ing disease pathology and tracking disease progression
and treatment responses [23, 55, 56, 24, 27,57, 28, 16],
making it a promising candidate for clinical translation. In
particular, dynamic parameters like the spirometry-inspired
FVL-CM have shown greater sensitivity as biomarkers
compared to static measures that rely on only a limited
portion of the synthesized cycles.

The main limitation of the PREFUL method lies in its
coarse spatial resolution (4 x 4 x 15 mm?) and moderate
acquisition time (1 minute per 2D slice), which complicate
detailed lung assessments. To address this, a 3D version
of PREFUL has been developed, offering higher isotropic
resolution (4 x 4 x 4 mm?) and enabling more comprehen-
sive ventilation dynamics measurements with a self-gated
stack-of-stars VIBE or FLORET UTE sequence [58, 59] in
about eight minutes. Despite being a relatively new tech-
nique, several studies have already validated the clinical
applicability of 3D PREFUL [60, 43, 61]. However, a primary
drawback of the 3D version is the lack of integrated
perfusion information and the need for more special-
ized sequences. Consequently, 2D PREFUL remains a
forward-looking technique, particularly as emerging
biomarkers — such as pulse wave transit time or velocity
measurements — gain traction. Ongoing advancements
in image acceleration and protocol refinements may offer
a near-term pathway to broader dissemination of the 2D
PREFUL method.
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150
't.
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VQM (H)

Regional flow-volume score [%]
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n Example PREFUL maps of a healthy volunteer (male, age 36), showing perfusion in mL/min/100 mL, regional ventilation in %, flow-volume
loop correlation metric (FVL-CM) in %, and a V/Q map obtained by thresholding and combining all maps. Please note the homogenous
distribution of V/Q values in the lung parenchyma.

Pre-treatment 03% 54% 07%  57% 03% 40%

Mean lung value = 51 ml/min/100 ml Mean lung value = 23% Mean lung value = 81%

Perfusion (Q) Ventilation (V) Dynamic ventilation (V) 100 Combined VIQ

QDP (Ex)
VDP (Ex)
VQM (D)

VQM (H)

Regional flow-volume score [%]

Quantified perfusion [ml,
Regional ventilation [%]

Post-treatment 00% 06% 01% 07% 00% 93%

Mean lung value = 73 ml/min/100 ml

Perfusion (Q)
M

Mean lung value = 14% Mean lung value = 97%

Ventilation (V) Dynamic ventilation (V) :

Combined VIQ
J -

QDP (Ex)

VDP (Ex)

VQM (D)

VQM (H)

Quantified perfusion [ml/min/100 ml]
Regional flow-volume score [%]

Regional ventilatiol

Pre- and post-treatment effect visualized for a CF patient (male, age 20) after ETI therapy. Please note the homogenization of V/Q after
treatment, visible on all maps.

The LungMaps application from * RVent is called “Ventilation-weighted map” (Vw)

Siemens Healthineers without quantitative numbers.

* QQ is called “Perfusion-weighted map” (Qw) without
quantitative numbers.

* FVL-CM is called “apparent flow volume loop corre-
lation map” (aFVL).

* In the defect maps (see Table 2 and Figure 6), the
product uses the following labels:
— “Defect match” instead of VQM(D)
—"Ventilation defect” instead of VDP(Ex)

"LungMaps is currently under development and not commercially available. — "Perfusion defect” instead of QDP(EX)
Its future availability cannot be ensured. —“No defect match” instead of VQM(H)

PREFUL technology will be available soon under the
product name LungMaps’ as a postprocessing application
for MRI scanners from Siemens Healthineers. However, the
nomenclature in the product is slightly different:
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SIEMENS ..,
Healthineers

LungMaps

Vent defects Al defects

Pert. defects

Create Results

tap Threshold
RUDIS20MFSPLIT

To learn more about
LungMaps please visit us at

Figure 6 shows a screenshot of the application running on
syngo.via, in this case on a healthy volunteer. All process-
ing, including the neural network-based segmentation (see
General segmentation) of the lungs and PREFUL analysis, is
fully automated. However, the user can manually edit the
lung segmentation if desired

Conclusion

PREFUL MRI provides a robust, radiation-free means of as-
sessing ventilation and perfusion in a single free-breathing
scan. Validation studies have consistently shown strong
concordance with established methods like SPECT, DCE,
and hyperpolarized gas MRI, underscoring its clinical
potential. Although current 2D acquisitions use relatively
coarse spatial resolution, the 3D version provides more
detailed lung coverage, albeit without simultaneous
perfusion and with less widespread sequences. Ongoing
refinements in acquisition speed, resolution, and
biomarker integration thus position 2D PREFUL as a
promising candidate for next-generation V/Q scans

using free-breathing proton-based pulmonary imaging.
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n The LungMaps'
application from
Siemens Healthineers.
This dataset from a
healthy volunteer shows
regular perfusion- and
ventilation-weighted
maps. The aFVL map and
the Vw/Qw defect map
show no signs of lung
defects. The lower
right corner displays
a structured report of
the defect percentages,
which is also available
asaPDFandasa
secondary capture
DICOM file.

Lung Statistics

siemens-healthineers.com/magnetic-resonance-imaging/
options-and-upgrades/clinical-applications/lungmaps
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