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Abstract

For sensitive diagnosis and monitoring of pulmonary disease, ionizing radiation‐
free imaging methods are of great importance. A noncontrast and free‐breathing
proton magnetic resonance imaging (MRI) technique for assessment of

pulmonary perfusion is phase‐resolved functional lung (PREFUL) MRI. Since

there is no validation of PREFUL MRI across different centers and scanners, the

purpose of this study was to compare perfusion‐weighted PREFUL MRI with the

well‐established dynamic contrast‐enhanced (DCE) MRI across two centers on

scanners from two different vendors. Sixteen patients with cystic fibrosis (CF)

(Center 1: 10 patients; Center 2: 6 patients) underwent PREFUL and DCE MRI at

1.5T in the same imaging session. Normalized perfusion‐weighted values and

perfusion defect percentage (QDP) values were calculated for the whole lung and

three central slices (dorsal, central, ventral of the carina). Obtained parameters

were compared using Pearson correlation, Spearman correlation, Bland–Altman
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analysis, Wilcoxon signed‐rank test, and Wilcoxon rank‐sum test. Moderate‐to‐
strong correlations between normalized perfusion‐weighted PREFUL and DCE

values were found (posterior slice: r=0.69, p<0.01). Spatial overlap of PREFUL

and DCE QDP maps showed an agreement of 79.4% for the whole lung. Further,

spatial overlap values of Center 1 were not significantly different to those of

Center 2 for the three central slices (p>0.07). The feasibility of PREFUL MRI

across two different centers and two different vendors was shown in patients with

CF and obtained results were in agreement with DCE MRI.

KEYWORD S

Fourier decomposition, free‐breathing proton MRI, pulmonary MRI

INTRODUCTION

Cystic fibrosis (CF) is a common progressive disease
among Caucasians.1–3 Lung disease is the main cause of
morbidity and mortality in patients with CF, but
implementation of a newborn screening test has led to
early diagnosis and life expectancy for patients with CF
has increased in recent years.1,4–6 Therefore, improve-
ments in imaging methods for sensitive diagnosis and
monitoring of pulmonary disease are of great impor-
tance. High‐resolution computed tomography is the most
widely used method to assess morphological changes in
CF‐related lung disease.7 However, the use of high‐
resolution computed tomography for short‐term follow‐
up as well as lifelong monitoring is accompanied by a
cumulative radiation dose and related risks.8,9

An ionizing radiation‐free and established method to
assess lung perfusion is dynamic contrast‐enhanced
(DCE) magnetic resonance imaging (MRI).10,11 Although
free‐breathing DCE MRI techniques were shown in
recent studies,12,13 DCE MRI often requires a breath‐hold
for data acquisition and always the injection of
gadolinium‐based intravenous contrast agents, which
are reported to cause side‐effects in patients with renal
failure and gadolinium deposition in different parts of
the body.14–17 This is a matter of concern, especially in
children, where the long‐term effect of gadolinium
deposition in the brain is still unknown.18

Further, the required breath‐hold maneuver might be
impractical, especially in newborns, children, or patients
with severe lung disease. Loss of breath‐hold during
acquisition could lead to image artifacts particularly in
the region of the diaphragm due to respiratory motion.

With these issues in mind, validation of patient‐friendly
free‐breathing contrast agent‐free proton MRI techniques
based on Fourier decomposition,19 which allows for
simultaneous assessment of lung ventilation and perfusion,
is desirable. Since no ionizing radiation or contrast agent is

used, these techniques can be useful for long‐term monitor-
ing of children and adults with chronic lung diseases.20,21

The basic principle of Fourier decomposition is the
registration of dynamic images, followed by Fourier
transformation of the signal time series on a voxel level,
allowing for distinct analysis of the respiratory and
cardiac frequency components.19 Phase‐resolved func-
tional lung (PREFUL) MRI extends the conventional
Fourier decomposition approach by including the
reconstruction of a full respiratory and cardiac cycle to
gain dynamic ventilation and perfusion information.22–24

Recently, the repeatability of ventilation and perfusion
parameters derived by PREFUL MRI was shown25 and
ventilation parameters derived by PREFUL MRI and
hyperpolarized 129Xe MRI were compared.26,27 Further,
PREFUL MRI was already validated with DCE MRI in
patients with different lung diseases in single center and
single MRI vendor studies.21,28,29 However, no feasibility
study of PREFUL MRI across multiple centers utilizing
different scanner vendors has yet been conducted.

Thus, the purpose of this dual center study was to
compare perfusion‐weighted PREFUL MRI across two
different sites and two different scanners using a semi‐
quantitative approach with DCE MRI used as an estab-
lished reference standard in patients with CF with a range
of ages and lung disease severity. In advance, some
modifications and improvements were made to the recently
described PREFUL algorithm,29 especially to the automated
perfusion phase sorting algorithm. These modifications will
be described in detail in the method section.

METHODS

Patient characteristics

A total of 16 patients with CF (Center 1: 10 patients, age
range 12–18 years, 8 females; Center 2: 6 patients, age
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range 19–47 years, 3 females) were included in this study.
Inclusion criteria were a confirmed diagnosis of CF and
an age in the range 12–60 years. Exclusion criteria were
an incomplete MRI protocol and contraindications to
MRI (e.g., claustrophobia, pregnancy, or pacemaker) and
MRI contrast agent. Further exclusion criteria were
recent (<1 month) respiratory tract exacerbation with
use of intravenous antibiotics, chronic oxygen therapy,
and any other severe comorbidities that could limit
imaging. Demographic and clinical characteristics for all
patients are given in Table S1.

MRI scanning and data analyses

All scans were performed on 1.5T scanners, with free‐
breathing PREFUL MRI performed before DCE MRI in
the same imaging session in all cases:

• Center 1: Siemens Avanto (Siemens Healthineers) with
a 6‐channel body matrix coil.

• Center 2: Signa HDxt (GE Healthcare) with an
8‐channel cardio‐thoracic coil.

An overview of the PREFUL and DCE postprocessing
is shown in Figure S1, with the same post‐processing
technique being applied across centers. The data analysis
was performed centrally by one investigator using
MATLAB (Matlab 2018b, MathWorks).

PREFUL MRI

For PREFUL MRI, between five and eight coronal slices,
covering the whole lung, were acquired for each patient.
These slices included three central slices, located dorsal,
central, and ventral of the carina (see Figure 3 for
exemplary slice locations), which are further referred to
as the posterior, tracheal, and anterior slice. Analysis was
performed for the whole lung and the three central slices
since these three slices were acquired for all patients.

For Center 1, a spoiled gradient‐echo sequence
with the following settings was used: field of view
380 × 380 –500 × 500mm2, matrix size 128 × 128 (inter-
polated to 256 × 256), slice thickness 15mm, 0 or 5mm
gap between slices, echo time 0.82–0.88ms, repetition
time 3ms, flip angle 5°, bandwidth 1500 Hz/px, general-
ized autocalibrating partially parallel acquisitions
(GRAPPA)30 R= 2 with acquisition of 24 autocalibration
lines, temporal resolution 190–192.5 ms. 250 images per
slice were obtained.

For Center 2, a spoiled gradient‐echo sequence with the
following settings was used: field of view 480× 480mm2,

matrix size 128× 128 (interpolated to 256× 256), slice
thickness 15mm, 5mm gap between slices, echo time
0.80ms, repetition time 2.5ms, flip angle 4°, bandwidth
1305Hz/px, temporal resolution 373ms. 250 images per slice
were acquired.

Some modifications (including registration to end‐
inspiration and modification of the perfusion phase
sorting algorithm [described further below]) were
made to the recently described PREFUL postproces-
sing algorithm.29 Since DCE data sets were acquired at
end‐inspiration, all PREFUL images were registered
towards one fixed image at end‐inspiration using the
group‐oriented registration approach.31 For all regis-
trations, the freely available Advanced Normalization
Tools (ANTs32) were used. Segmentation of the lung
boundaries was performed using a pre‐trained con-
volutional neural network.33 Then, images were
automatically sorted according to their cardiac phase
and interpolated to a full cardiac cycle (Figure 1).
For this purpose, a modified version of the previously
described automated sorting algorithm29 was applied:

1. Both lungs and the mediastinum were included in a
search region of interest (ROI) (As).

2. A high‐pass filter at 0.75 Hz29 was applied to all
registered images to remove signal variations caused
by respiration. To get a simplified perfusion‐weighted
map (Mstd), the standard deviation of all images was
computed for all voxels within As.

3. An ROI consisting of blood voxels (Rsort) is needed to
perform phase sorting. Therefore, all voxels above the
98th percentile of Mstd were chosen for Rsort.

4. As a result, Rsort consisted of several voxel clusters.
5. To avoid clusters at the lung boundaries (especially at the

diaphragm) being chosen for Rsort, due to remaining
respiratory motion, all clusters connected to the bounda-
ries of As were excluded.

6. A minimum of three voxels for each cluster was
required. Therefore, each cluster was expanded as
follows: A gradient map (Mgrad) of Mstd was computed
using the Sobel gradient operator. Since a high
gradient difference between two adjacent voxels
indicates a vessel boundary, an individual threshold
(Glim) for each cluster defined by the mean plus
standard deviation (SD) of Mgrad inside each cluster
was calculated as:

G M M= Mean( (cluster)) + ( (cluster)).lim grad grad

Then, for each cluster, the gradient values of all
adjacent voxels were compared to Glim. Voxels with
values smaller than Glim were included in the cluster.

PULMONARY CIRCULATION | 3 of 14
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FIGURE 1 (See caption on next page)
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7. Before the next step all but the 10 largest voxel
clusters were removed from Rsort, to limit the
processing time.

8. By performing a piecewise sinusoidal fit of the signal
time series obtained by spatial averaging over Rsort,
images were sorted according to their perfusion phase
and interpolated to 15 phases at an equidistant time
grid covering one cardiac cycle. To avoid different
cardiac phases in the voxel clusters and to improve the
sine fit, Rsort was iteratively adjusted by comparing the
goodness of fit parameter R2 of the sinusoidal fit for all
possible combinations of the voxel clusters. The
cluster combination with the highest R2 value
remained in Rsort.

9. Finally, images are sorted to their perfusion phase
covering one cardiac cycle as described in Step 8 using
the obtained Rsort.

Main vessels were excluded from the segmented lung
parenchyma (Otsu's thresholding method34). Further, a
perfusion‐weighted PREFUL phase was selected as
described previously.29 First, for every voxel inside the
lung parenchyma the phase of the reconstructed cardiac
cycle with the maximal intensity was determined. Then,
the most frequent phase was used as the perfusion‐
weighted PREFUL phase (Figure 2). For each study
participant, perfusion‐weighted PREFUL maps were
normalized to the signal amplitude of Rsort of the
individual's tracheal slice.

DCE MRI

Both centers acquired DCE data in a single breath‐hold
at end‐inspiration. A 3D time‐resolved angiography
with stochastic trajectories (TWISTs) sequence with the
following settings was used by Center 1: field of view
308 × 380–406 × 500mm2, matrix size 146 × 256 (interpo-
lated to 256 × 256), slice thickness 5 mm, echo time
0.80–0.86ms, repetition time 2.4–2.5 ms, flip angle 28°,
bandwidth 630 Hz/px, GRAPPA R= 4, temporal resolu-
tion 1.1–1.3 s.

Center 2 used a 3D gradient echo sequence with view
sharing (TRICKS) with the following settings: field of view
480× 480mm2, matrix size 120× 80 (interpolated to

256× 256), slice thickness 10mm, echo time 0.69ms,
repetition time 2.1ms, flip angle 30°, bandwidth 2083Hz/
px, parallel imaging R=2, temporal resolution 0.54–0.59 s.

For Center 1, a bolus of 0.03 mmol/kg bodyweight of
gadoteric acid was injected at a rate of 4 ml/s. For Center
2, DCE MRI was acquired with injection of 0.05 mmol/kg
bodyweight of gadobutrol at a rate of 4 ml/s.

A perfusion‐weighted phase of each DCE data set
was selected as described recently.29 First, an averaged
signal time series over an ROI inside the aortic arch
(Raor) on the coronal tracheal slice, showing the
contrast agent intensity, was computed. The approach
of placing an ROI inside the aortic arch for perfusion
phase selection is similar to one used for perfusion
assessment in computed tomography where an ROI is
placed in the ascending aorta.35,36 Then, a baseline was
defined from all time points before the bolus arrival in
the aorta. To ensure that the contrast agent has passed
through the lung parenchyma, the first time point after
baseline, which was located above the level of the
second SD of the baseline, was selected as the
perfusion‐weighted DCE phase (Figure S2). Then, the
perfusion‐weighted DCE maps were filtered using a 3D
Gaussian smoothing kernel with SD of 1 to reduce
image noise. Finally, the perfusion‐weighted DCE
maps were normalized to the signal amplitude in-
side Raor.

Alignment of PREFUL and DCE

Due to thinner slice thickness of DCE MRI in compari-
son with PREFUL MRI, a compound coronal DCE slice
corresponding to the PREFUL slice thickness and
location was calculated as described recently.29 First,
DCE slices were multiplied by a normalized slice‐overlap
weighting factor. Afterward, the compound slice was
obtained by summation over the weighted DCE slices.
The normalized slice‐overlap weighting factor is defined
as the part of the width of the DCE slice overlapping the
PREFUL slice divided by the slice thickness of the DCE
slice.

For better comparison, PREFUL images, maps, and
segmentation masks (including main vessels to avoid
misalignment between previous excluded vessels from

FIGURE 1 Automated phase‐resolved functional lung (PREFUL) phase sorting and reconstruction of a full cardiac cycle. First, the lung
boundaries were segmented using a convolutional neural network. Then, both lungs and the mediastinum are merged to form a searching
mask (As) for selection of the sorting region of interest (ROI). After expansion of the sorting ROI (Rsort), which was determined from the
standard deviation map (Mstd) of high‐pass filtered original images, Rsort is adjusted in an iterative process. Further, a piecewise sinusoidal fit
of the obtained signal time series (TS) from Rsort is performed and images are sorted into a full cardiac cycle.

PULMONARY CIRCULATION | 5 of 14
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the mask and the actual position of the vessels after
registration of the PREFUL map) were registered to DCE
images using a combination of rigid and nonrigid
transformation. As for the registration during PREFUL
postprocessing, ANTs32 was used for PREFUL to DCE
registration. Afterward, the segmentation masks were
adjusted to the PREFUL and DCE lungs by removing
parts which are not covered by both PREFUL and DCE
(Figure S3) and excluding main vessels (present in DCE
and/or PREFUL image). The resulting parenchyma mask
was the same for PREFUL and DCE and it was used for
all further analysis.

PREFUL and DCE analysis

Using the same lung parenchyma mask for both PREFUL
and DCE analysis allowed for the same ROIs to be used
(with the compound DCE slices being used). The ROIs

used were: the total lung parenchyma, the left and right
lung, and the segmented lung parenchyma divided into
quadrants.

Median normalized perfusion‐weighted PREFUL and
DCE values were computed. For further analysis,
perfusion defect percentage (QDP) maps were calculated
using a threshold of 2% for PREFUL and 1.75% for DCE.
Values below these thresholds were identified as perfu-
sion defect. These thresholds were determined by a
threshold analysis described in the appendix.

Statistical tests

Functional MRI parameters were assessed using non-
parametric tests, with the significance level set to 0.05, as
the Kolmogorov–Smirnov test for normality was negative
for all. Unless noted otherwise, data are presented as
median with 25th and 75th percentiles.

FIGURE 2 Selection of a perfusion‐weighted phase‐resolved functional lung (PREFUL) phase. First, for every voxel, the phase of the
reconstructed cardiac cycle with maximal signal intensity was determined. The most frequent phase was then used as the perfusion‐
weighted PREFUL phase.
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For median normalized perfusion‐weighted PREFUL
and DCE values, Pearson correlation coefficients were
calculated. Further, voxelwise Spearman correlation was
performed for the normalized perfusion‐weighted PRE-
FUL and DCE values of all patients for the whole lung
using (a) the interpolated image matrix size of 256 × 256
and (b) a matrix size of 64 × 64 to reduce the influence of
noise to the correlation.

To assess the agreement between PREFUL and DCE
QDP maps for both centers combined, Bland–Altman
analysis was performed. QDP values were further
evaluated by calculating Pearson correlation coeffi-
cients and applying a paired two‐sided Wilcoxon
signed‐rank test. In addition, the spatial overlap
between PREFUL and DCE QDP maps was calculated
for nondefect and defect areas separately as well as for
both areas combined. The spatial overlap was defined
as the percentage of voxels in the lung parenchyma
labeled as perfusion defect or healthy tissue with both
methods.

In addition, Spearman correlation coefficients were
calculated between forced expiratory volume in 1 s
(FEV1) predicted values and QDP values derived by
PREFUL and DCE MRI for the whole lung.

For both centers separately, median PREFUL and
DCE QDP values of all patients were calculated and
compared using a paired two‐sided Wilcoxon signed‐
rank test. Moreover, spatial overlap values were tested for
significant difference across centers using a Wilcoxon
rank‐sum test.

RESULTS

One patient from Center 1 was excluded due to an
incomplete MRI protocol (no DCE MRI).

Figure 3 shows exemplary PREFUL and DCE perfusion‐
weighted maps of the three central slices for one CF patient
from each center along with the corresponding QDP maps
and spatial overlap map.

Normalized perfusion results

Significant moderate‐to‐strong Pearson correlations were
seen between median normalized perfusion‐weighted
PREFUL and DCE values for some lung regions
(Table 1). Voxelwise Spearman correlation coefficients

FIGURE 3 Exemplary perfusion‐weighted phase‐resolved functional lung (PREFUL) (first row) and dynamic contrast‐enhanced (DCE)
(second row) maps, perfusion defect percentage (QDP) maps (third and fourth row), and maps showing the spatial overlap (fifth row) for the
three central slices for a cystic fibrosis patient from each center (patient Center 1: 17 years old, female, FEV1 predicted 82.9%; patient Center
2: 19 years old, female, FEV1 predicted 32.7%). QDP values for the patient of Center 1 are 22.3%, 16.5%, and 9.1% (posterior to anterior) and
17.2% for the whole lung for PREFUL and 11.0%, 10.7%, and 18.4% (posterior to anterior) and 11.5% for the whole lung for DCE. For the
patient of Center 2 the QDP values are 23.1%, 47,5%, and 22.5% (posterior to anterior) and 28.1% for the whole lung for PREFUL and 24.5%,
28.8%, and 29.2% (posterior to anterior) and 29.2% for the whole lung for DCE. FEV1: forced expiratory volume in 1 s. Match (D): QDP
PREFUL/QDP DCE match of defect areas. Match (ND): QDP PREFUL/QDP DCE match of nondefect areas.

PULMONARY CIRCULATION | 7 of 14
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of 0.29 (p< 0.01) for the 256 × 256 matrix and 0.32
(p< 0.01) for the 64 × 64 matrix were found.

QDP results

Median QDP values and spatial overlap values of all
patients from both centers for PREFUL and DCE are
presented in Tables 2 and S2. A median spatial overlap for
DCE and PREFUL QDP maps of 79.4% was found for the
whole lung. No significant differences in QDP values
derived by PREFUL and DCE were observed for most lung
regions for both centers combined. This was also seen in
the Bland–Altman plots (Figure 4). However, a few patients
showed large QDP differences (QDPDCE−QDPPREFUL >
10%). Exemplary PREFUL and DCE perfusion‐weighted
maps along with the corresponding QDP maps and spatial
overlap map of two patients with large QDP differences are
presented in Figure S4. Further, for most ROIs significant
Pearson correlation coefficients between QDP values

derived by PREFUL on the one hand and DCE on the
other hand were obtained (both centers combined, whole
lung: r=0.70, p<0.01; Table 3).

Spearman correlations for the whole lung between
FEV1 predicted and QDP values derived by PREFUL
(r=−0.61, p=0.02) and DCE MRI (r=−0.49, p=0.06) are
shown in Figure S5 along with the linear regression lines.

For the whole lung, a median QDP of 10.1%
(3.4%–16.2%) for DCE and of 9.3% (6.6%–13.2%) for
PREFUL was obtained for Center 1 (p= 0.73). In
comparison, for Center 2, a median QDP of 29.9%
(21.7%–33.0%) for DCE and of 23.4% (12.2%–28.1%) for
PREFUL was found (p= 0.56).

Spatial overlap results

Figure 5 compares the spatial overlap values between
PREFUL and DCE of Center 1 and Center 2. For the
whole lung, a significant difference between spatial

TABLE 1 Pearson correlation coefficients of median normalized perfusion‐weighted PREFUL and DCE values

ROI Total parenchyma Right lung
Right
upper lung

Right
lower lung Left lung

Left
upper lung

Left
lower lung

Slice r p r p r p r p r p r p r p

Whole lung 0.49 0.07 0.53 0.04 0.58 0.02 0.46 0.09 0.47 0.08 0.62 0.01 0.16 0.57

Posterior 0.69 <0.01 0.75 <0.01 0.82 <0.01 0.56 0.03 0.47 0.08 0.78 <0.01 0.02 0.95

Tracheal 0.45 0.09 0.44 0.10 0.56 0.03 0.34 0.22 0.46 0.08 0.59 0.02 0.09 0.75

Anterior 0.28 0.31 0.21 0.44 0.22 0.43 0.35 0.20 0.44 0.10 0.41 0.13 0.45 0.09

Note: Correlation coefficients calculated for Center 1 and Center 2 combined. Significant p‐values are printed in bold.

Abbreviations: DCE, dynamic contrast‐enhanced; PREFUL, phase‐resolved functional lung; ROI, region of interest.

TABLE 2 PREFUL and DCE QDP values and their spatial overlap for the whole lung and for the three central slices

QDP[%] Spatial overlap [%]

PREFUL DCE p
Nondefect
area Defect area

Combined
areas

Whole lung 12.1 13.6 0.89 75.3 3.9 79.4

(60.8–89.0) (0.7–8.3) (69.2–89.4)(7.6–18.6) (4.6–28.4)

Posterior 13.8 11.0 0.28 79.7 1.4 83.6

(8.3–21.3) (1.3–23.0) (65.1–86.3) (0.2–8.5) (74.8–86.6)

Tracheal 16.5 10.8 0.36 74.3 2.7 76.9

(47.0–87.5) (0.2–13.7) (61.5–87.6)(5.9–28.4) (3.1–30.7)

Anterior 10.2 22.6 0.02 72.6 2.8 77.1

(4.3–21.5) (7.0–31.5) (61.8–88.6) (0.1–10.8) (70.4–88.6)

Note: Parameters calculated for Center 1 and Center 2 combined. The overlap is listed for the defected and nondefected lung regions as well as for both regions
combined. p‐values obtained by Wilcoxon signed‐rank test. Nonsignificant p‐values (no difference between QDP values) are printed in bold. Data presented as
median with 25th and 75th percentiles in parentheses.

Abbreviations: DCE, dynamic contrast‐enhanced; QDP, perfusion defect percentage; PREFUL, phase‐resolved functional lung.
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overlap values of Center 1 and those of Center 2 was
found (p= 0.03) with median spatial overlap values
of 84.7% (78.1%–90.9%) for Center 1 and of 68.6%
(66.5%–69.7%) for Center 2. However, all three central
slices showed no significant differences. For the posterior
slice, the median spatial overlap values were 83.7%
(78.8%–86.3%) and 70.6% (63.4%–86.8%) for Center 1 and
Center 2 respectively (p= 0.27). Further, median spatial
overlap values of 82.8% (75.7%–89.5%) for Center 1 and of
62.0% (52.9%–75.4%) for Center 2 were obtained for the
tracheal slice (p= 0.07) and of 80.8% (76.2%–90.8%)
(Center 1) and 70.5% (63.9%–74.7%) (Center 2) for the
anterior slice (p= 0.07).

DISCUSSION

In this study, we compared PREFUL MRI with DCE MRI
across two different sites and scanners from two different
vendors in patients with CF.

DCE MRI is an established technique for assessment of
lung perfusion and recent studies have found comparable

diagnostic accuracy of DCE MRI against planar scintigra-
phy and single‐photon emission computed tomography
(SPECT) ventilation/perfusion (V/Q) scans.10,11 The design
of our study did not include nuclear medicine Q scans, as
SPECT or planar scintigraphy. Nevertheless, our previous
single‐center study showed that a specific phase of the
reconstructed cardiac cycle of PREFUL MRI reflects
pulmonary perfusion, as validated by SPECT Q scans.
Further, in the same study, significant correlations were
found between SPECT and DCE as well as between SPECT
and PREFUL.29 Therefore, a comparison between DCE and
PREFUL should enable a reliable assessment. However,
validation of PREFUL MRI with SPECT V/Q scans, as an
overall accepted lung perfusion assessment tool, across
different sites and scanners would be interesting, especially
concerning the translation of PREFUL MRI to routine
practice.

In accordance with recent single‐center studies,29,37

significant correlations (Pearson and Spearman) between
perfusion‐weighted PREFUL and DCE values were
found. Voxelwise Spearman correlation was performed
twice, with two different matrix sizes. The 64 × 64 matrix

(a) (b)

(c) (d)

FIGURE 4 Bland–Altman plots comparing perfusion defect percentage (QDP) values of the cystic fibrosis patients derived by
phase‐resolved functional lung (PREFUL) and dynamic contrast‐enhanced (DCE) magnetic resonance imaging obtained for both centers for
the whole lung (a) and the three central slices (b–d). Values for Center 1 are marked in red and for Center 2 in green. Values of mean
difference (black line) and mean difference ± 1.96 × standard deviation (blue dashed lines) are shown on right side of each plot.

PULMONARY CIRCULATION | 9 of 14
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size was used to reduce the influence of noise on the
correlation by averaging the signal of 8 voxels. No or low
correlations, especially in the lung periphery, might be
explained by inaccurate registration of PREFUL images
to DCE images (Figure S3). A much deeper level of
inspiration during DCE data acquisition (deep inspira-
tion in breath‐hold) when compared to PREFUL MRI
(inspiration during tidal breathing) can lead to mis-
alignment around the diaphragm and heart and in the
subpleural regions of the lung. Hence, in these regions

slightly different parts of the lung are compared between
PREFUL and DCE (Figure S3). In addition, incomplete
breath‐holds during DCE data acquisition result in
residual movement and thus lead to artificially high
perfusion values around the diaphragm (Figure S3). As a
consequence, misaligned regions after registration as
well as regions affected by respiratory motion during
DCE acquisition were removed from the segmentation
mask. Further, artifacts due to cardiac motion, especially
in anterior slices and in the lower left lung, may have

TABLE 3 Pearson correlation coefficients of QDP values derived by PREFUL and DCE

ROI Total parenchyma Right lung
Right
upper lung

Right
lower lung Left lung

Left
upper lung Left lower lung

Slice r p r p r p r p r p r p r p

Whole lung 0.70 <0.01 0.81 <0.01 0.84 <0.01 0.75 <0.01 0.53 0.04 0.54 0.04 0.35 0.19

Posterior 0.62 0.01 0.73 <0.01 0.82 <0.01 0.46 0.09 0.45 0.09 0.46 0.08 0.30 0.28

Tracheal 0.60 0.02 0.68 0.01 0.78 <0.01 0.52 0.05 0.50 0.06 0.55 0.03 0.33 0.23

Anterior 0.75 <0.01 0.81 <0.01 0.80 <0.01 0.76 <0.01 0.63 0.01 0.59 0.02 0.68 <0.01

Note: Correlation coefficients calculated for Center 1 and Center 2 combined. Significant p‐values are printed in bold.

Abbreviations: DCE, dynamic contrast‐enhanced; QDP, perfusion defect percentage; PREFUL, phase‐resolved functional lung; ROI, region of interest.

(a) (b)

(c) (d)

FIGURE 5 Comparison of spatial overlap between phase‐resolved functional lung (PREFUL) and dynamic contrast‐enhanced (DCE)
perfusion defect percentage (QDP) maps of Center 1 and Center 2 for the whole lung (a) as well as the posterior (b), tracheal (c), and anterior
(d) slices. The central red line indicates the median and the bottom and top edges of the box in the 25th and 75th percentiles. The whiskers
extend to the most extreme data points not considering outliers. Data points outside the whiskers are outliers. p‐values obtained by
Wilcoxon rank‐sum test.
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affected image quality. Lower correlations in the anterior
slices might also be caused by the smaller size of the
segmented lung region.

For a better spatial alignment of PREFUL and DCE
images after co‐registration, PREFUL images were first
registered towards one image at end inspiration. How-
ever, the PREFUL registration to inspiration can cause
registration artifacts around the diaphragm and a
remaining movement of vessels (Movie S1) might lead
to inaccurate perfusion values in these regions.

A semiquantitative approach for further perfusion
assessment is the generation of binary perfusion defect
maps. In accordance with recent single‐center studies,28,29

good spatial agreement was found comparing PREFUL and
DCE QDP‐maps.

For PREFUL MRI, significant correlations between
QDP and FEV1 predicted were found for the whole lung,
whereas for DCE MRI the correlation was moderate but
not significant. However, correlation coefficients were
similar to those obtained by Kaireit et al.28 The slightly
lower correlations and missing significance for DCE may
be explained by several reasons including low number of
study participants. Further, QDP is a perfusion parame-
ter and FEV1 predicted a ventilation parameter. There-
fore, any mismatches between perfusion and ventilation
defects could have an influence on the correlation
between QDP and FEV1 predicted. Also, in contrast to
global lung function measurement of FEV1, both MRI
methods included only 5–8 slices in the calculation of the
QDP value for the whole lung, which still leaves gaps in a
full coverage of the whole lung parenchyma.

Although the correlations of normalized perfusion‐
weighted values were moderate, good correlation coeffi-
cients were found for QDP between PREFUL and DCE
for both centers combined. However, some patients
showed QDP differences > 10% (QDPDCE –QDPPREFUL).
Differences between QDP values obtained by PREFUL
and DCE could be explained by the lower resolution of
PREFUL compared to DCE, resulting in partial volume
effects of the central pulmonary vessels. This may
contribute to imprecise estimation of perfused areas. In
addition, for DCE MRI the perfusion signal depends on
the local concentration of contrast agent in the tissue and
is described by means of contrast agent dynamics,
whereas for PREFUL MRI perfusion is given by mapping
of the pulmonary arterial pulse wave during the cardiac
cycle.21 As the mechanism of pulmonary blood flow
measurement of the two methods is intrinsically differ-
ent, differences in perfusion‐weighted values and hence
in QDP values may occur. Further, perfusion‐weighted
DCE values represent the signal intensity for every voxel
at that time when the contrast agent is inside the lung
parenchyma. The signal intensity in turn is given by the

amount of contrast agent present in each voxel and the
contrast agent transit depends on the tissue perfusion.
For PREFUL MRI, perfusion‐weighted values represent
the signal intensity for every voxel caused by inflowing
blood transported by the pulmonary arterial pulse wave
at that time when most voxels inside the lung paren-
chyma reach their maximal signal intensity. Due to the
different mechanisms of blood flow measurements for
DCE and PREFUL MRI, the selection of the perfusion‐
weighted phase is different for DCE and PREFUL. The
intention for both methods was to select a perfusion
phase at which nondefect parenchyma voxels reach their
maximal perfusion signal. For DCE MRI, this is related to
the phase when the contrast agent starts to reach the
aortic arch. Therefore, this timepoint was selected as
perfusion‐weighted DCE phase. For PREFUL MRI, the
assumption was made, that for nondefect parenchyma
voxels the pulse wave is not impaired by constricted
vessels and that therefore they would reach their
maximal signal approximately at the same time. Whereas
for defect voxels the pulse wave is impaired, so that these
voxels will reach their maximal signal intensity at
different timepoints. Hence the phase at which most
voxels reach their maximal signal intensity was selected
as perfusion‐weighted PREFUL phase.

A prerequisite to calculate QDP maps is the definition
of the threshold to define nondefect parenchyma.
Especially voxels with signal values close to the threshold
could be considered as perfusion defect/nondefect by just
one method (PREFUL or DCE) and hence contribute to
differences in QDP values. Various threshold approaches
such as linear binning,38,39,40 percentile, and median of
lung parenchyma values28,29,37 or a specific percentage of
the highest value41,42 were presented and validated in
recent studies for different imaging techniques. There-
fore, to determine a best possible threshold for QDP
calculation, a threshold analysis before the actual study
to assess these methods for PREFUL and DCE MRI was
performed. A more detailed discussion of the threshold
analysis can be found in the appendix.

Moreover, artifacts due to cardiac motion may also
explain QDP differences between PREFUL and DCE.

No significant difference between median QDP
values derived by PREFUL and DCE was found for
Center 1 as well as for Center 2 and, in accordance with
the spirometry outcomes, Center 2 showed higher
median QDP values compared to Center 1.

Comparing the spatial overlap between PREFUL and
DCE QDP maps derived for both centers separately,
overlap values, found for the three central slices, were
not significantly different for Center 1 and Center 2.
However, Center 1 showed significantly higher spatial
overlap values for the whole lung compared to Center 2.

PULMONARY CIRCULATION | 11 of 14
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This might be explained by the increased severity of lung
disease seen in patients from Center 2 when compared to
Center 1 as reflected in the lower spirometry outcomes
and higher QDP values. Given the lower QDP values
seen in the group of patients analyzed from Center 1
when compared to Center 2, it would be expected that
the impact of mismatching perfusion defect/nondefect
areas between PREFUL and DCE to the overall spatial
overlap is much smaller for patients of Center 1
compared to Center 2. Moreover, there was a higher
difference between PREFUL and DCE QDP values for
Center 2 compared to Center 1, which could also be
explained by the more advanced lung disease in patients
from Center 2. For these patients, more voxels with
perfusion values in the range of the QDP thresholds are
expected, which could be counted as perfusion defect for
PREFUL but not for DCE or vice versa. As a result, this
could have led to an inferior spatial overlap for Center 2.

LIMITATIONS

One limitation of this study is that data acquisition was
performed with slightly different temporal and spatial
resolution across centers and imaging methods. There-
fore, depending on the resolution, widening and blurring
of vessels as well as partial volume effects are differently
manifested, affecting the calculated perfusion‐weighted
maps and hence the QDP maps. Further, the temporal
resolution has an impact on the interpolation process
during PREFUL phase sorting, which might affect the
consistency of the selected cardiac phase for perfusion
analysis. Additionally, for DCE MRI, higher temporal
resolution led to improved tracking of the contrast bolus
pass through the lung parenchyma, since more time
points are acquired, enabling a more precise determina-
tion of the optimal perfusion‐weighted DCE phase,
although this may not be the same perfusion phase as
derived from PREFUL analysis, leading to differences in
perfusion maps.

Moreover, DCE MRI is a 3D technique capable of
imaging the whole lung, whereas for PREFUL MRI an
incomplete coverage of the lung is performed with
multiple 2D slices. Since for PREFUL MRI the inflow
of nonexcited blood during every RF pulse excitation is
essential for generating perfusion signal, a slice selective
excitation is necessary and therefore a 3D technique as
used for DCE MRI is not feasible. Finally, only a small
number of patients from each site, with a smaller
number for Center 2, were evaluated in this study.
Therefore, a more detailed assessment of the quality of
PREFUL MRI compared to DCE MRI is difficult.
However, this study permits a first comparison of

PREFUL MRI across different centers and scanners,
which serves as a starting point for future multicenter
studies.

Despite those limitations, since PREFUL MRI is a
contrast agent‐free imaging technique performed in free‐
breathing, it could be used as a pulmonary perfusion
assessment tool in patients who cannot or should not
receive contrast agents or ionizing radiation such as
pregnant women or children. In addition, PREFUL MRI
can be used for monitoring pulmonary perfusion in
patients with chronic lung disease who need regular lung
surveillance.

CONCLUSION

In conclusion, similar results were observed with
perfusion‐weighted PREFUL MRI in comparison with
DCE MRI in this dual center, dual vendor study. This is
an important step towards clinical implementation of
noncontrast‐enhanced lung perfusion methods such as
PREFUL MRI.
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