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RESEARCH ARTICLE

Multicenter Standardization of Phase-
Resolved Functional Lung MRI in Patients
With Suspected Chronic Thromboembolic

Pulmonary Hypertension

Tawfik Moher Alsady, MD,1,2 Andreas Voskrebenzev, PhD,1,2 Lea Behrendt, MS,1,2

Karen Olsson, MD,2,3 Claus Peter Heußel, MD,4 Ekkehard Gruenig, MD,4 Henning Gall, MD,5

Ardeschir Ghofrani, MD,5 Fritz Roller, MD,6 Sebastian Harth, MD,6 Helen Marshall, PhD,7

Paul J.C. Hughes, PhD,7 Jim Wild, PhD,7 Andrew J. Swift, MD PhD,7 David G. Kiely, MD,8

Jürgen Behr, MD,9 Julien Dinkel, MD,10 Dietrich Beitzke, MD,11 Irene M. Lang, MD,12

Kai Helge Schmidt, MD,13 Karl Friedrich Kreitner, MD,14 Thomas Frauenfelder, MD,15

Silvia Ulrich, MD,16 Okka W. Hamer, MD,17 and Jens Vogel-Claussen, MD1,2*

Background: Detection of pulmonary perfusion defects is the recommended approach for diagnosing chronic thrombo-
embolic pulmonary hypertension (CTEPH). This is currently achieved in a clinical setting using scintigraphy. Phase-resolved
functional lung (PREFUL) magnetic resonance imaging (MRI) is an alternative technique for evaluating regional ventilation
and perfusion without the use of ionizing radiation or contrast media.
Purpose: To assess the feasibility and image quality of PREFUL-MRI in a multicenter setting in suspected CTEPH.
Study Type: This is a prospective cohort sub-study.
Population: Forty-five patients (64 � 16 years old) with suspected CTEPH from nine study centers.
Field Strength/Sequence: 1.5 T and 3 T/2D spoiled gradient echo/bSSFP/T2 HASTE/3D MR angiography (TWIST).
Assessment: Lung signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) were compared between study centers
with different MRI machines. The contrast between normally and poorly perfused lung areas was examined on PREFUL
images. The perfusion defect percentage calculated using PREFUL-MRI (QDPPREFUL) was compared to QDP from the
established dynamic contrast-enhanced MRI technique (QDPDCE). Furthermore, QDPPREFUL was compared between a
patient subgroup with confirmed CTEPH or chronic thromboembolic disease (CTED) to other clinical subgroups.
Statistical Tests: t-Test, one-way analysis of variance (ANOVA), Pearson’s correlation. Significance level was 5%.
Results: Significant differences in lung SNR and CNR were present between study centers. However, PREFUL perfusion
images showed a significant contrast between normally and poorly perfused lung areas (mean delta of normalized perfu-
sion �4.2% SD 3.3) with no differences between study sites (ANOVA: P = 0.065). QDPPREFUL was significantly correlated
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with QDPDCE (r = 0.66), and was significantly higher in 18 patients with confirmed CTEPH or CTED (57.9 � 12.2%) com-
pared to subgroups with other causes of PH or with excluded PH (in total 27 patients with mean � SD
QDPPREFUL = 33.9 � 17.2%).
Data Conclusion: PREFUL-MRI could be considered as a non-invasive method for imaging regional lung perfusion in multi-
center studies.
Level of Evidence: 3
Technical Efficacy: Stage 1

J. MAGN. RESON. IMAGING 2023.

Phase-resolved functional lung (PREFUL) magnetic reso-

nance imaging (MRI) is a non-invasive imaging technique

for evaluating regional dynamics of pulmonary ventilation and

perfusion.1 PREFUL-MRI is usually acquired using a spoiled

gradient echo sequence in free tidal breathing without the need

for contrast media. This technique has been successfully

implemented in a fully automatic post-processing framework

for estimation of normalized regional pulmonary perfusion.2

PREFUL-MRI has been previously used to assess postoperative

lung perfusion improvement in patients with chronic thrombo-

embolic pulmonary hypertension (CTEPH) undergoing pul-

monary endarterectomy (PEA).3 A dual-center study showed

the feasibility of using PREFUL-MRI to evaluate lung perfu-

sion in patients with cystic fibrosis and a good agreement with

the well-established dynamic contrast-enhanced MRI technique

(DCE-MRI) was found.4 In addition, PREFUL-MRI allows

the assessment of regional ventilation dynamics. For example,

flow volume loops derived from ventilation-weighted

PREFUL-MRI have been previously used to detect regional

ventilation defects at early stages of chronic lung allograft dys-

function in lung transplantation patients.5

CTEPH is a life-threatening long-term complication of

acute pulmonary embolism (PE).6,7 The clinical outcomes can

however be greatly improved if the disease is treated early

enough mainly with a surgical approach named pulmonary end-

arterectomy (PEA)8,9 or alternative interventions such as balloon

pulmonary angioplasty and/or medical treatment in cases where

surgery is not feasible.10 Diagnosing CTEPH requires, among

others, the detection of non-matched segmental and sub-

segmental perfusion deficits within the pulmonary arterial tree

(ventilation-perfusion mismatch) due to chronic PEs. This is

currently achieved in a clinical setting using ventilation-

perfusion single-photon emission computed tomography

(VQ-SPECT) which is still considered the reference stan-

dard.11,12 Besides a usually lower availability than other imaging

techniques like CT pulmonary angiography (CTPA), the main

disadvantage of VQ-SPECT is radiation exposure. An alterna-

tive that does not require ionizing radiation is the 3D DCE-

MRI, which has been proven by single-center studies to have a

high sensitivity equivalent to perfusion scintigraphy in diagnos-

ing CTEPH.13,14 A European multi-centric study named

CHANGE-MRI ClinicalTrials.gov identifier NCT02791282)

aims to assess the diagnostic value of MRI in comparison to

VQ-SPECT in suspected CTEPH.15 Within the scope of this

study, PREFUL and DCE-MRI datasets were acquired to facili-

tate the validation of PREFUL in a multi-center context using

DCE-MRI and VQ-SPECT as a reference.

Therefore, the aim of this substudy is to assess the feasi-

bility and image quality of PREFUL-MRI datasets acquired

in a multi-center setting for screening patients with suspected

CTEPH.

Materials and Methods

Study Population
The study was approved by the Institutional Review Boards at all

participating centers and a written informed consent was obtained

from all participants. The CHANGE-MRI cohort included adult

patients (>18 years old) with clinical suspicion for CTEPH. Exclu-

sion criteria were known contraindications for contrast-enhanced

MRI, such as those with cardiac pacemakers, claustrophobia, hyper-

sensitivity to intravenous MR contrast agents, and pregnant or

breastfeeding women. All study participants underwent MRI and

VQ-SPECT imaging. In participants with positive MRI or VQ-

SPECT findings, the presence of PEs was verified by CTPA and/or

conventional pulmonary angiography (CPA). A reference standard

for the final diagnosis was defined in the CHANGE-MRI study as a

diagnostic strategy with VQ-SPECT as a screening test and

CPA/CTPA as a verification test, corrected by clinical diagnosis after

6–12 months.15

For this study, a total of 45 patients were randomly chosen

from the nine European CHANGE-MRI study sites (5 patients

from each site, in total 24 females and 21 males, mean age 64 � 16,

age range 28–84 years). According to the reference standard of the

CHANGE-MRI study, 17 patients were diagnosed with CTEPH

and 1 patient with chronic thromboembolic pulmonary vascular dis-

ease (CTED). Patients with CTED exhibit, as those with CTEPH,

non-matched segmental and subsegmental perfusion deficits, how-

ever, without a manifesting pulmonary hypertension component.

The study cohort included 11 patients who were eventually diag-

nosed with pulmonary arterial hypertension (PAH). In eight

patients, other causes of pulmonary hypertension (PH) were found.

Regardless of the presence of PH, five patients in the study cohort

had diagnosed COPD. Clinical data including the endpoint diagno-

sis of the selected patients are summarized in Tables 1 and 2.

MRI Acquisition
MRI scanners at study sites were either 1.5 T or 3 T from different

vendors (see Table 3). Each patient underwent an MRI scan of the

thorax. The MRI protocol was the same across study sites and

included: anatomical sequences in both axial and coronal planes
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using balanced steady-state free precession (bSSFP) and T2-weighted

half Fourier single-shot turbo spin-echo (HASTE) sequences, func-

tional lung imaging using PREFUL technique with a coronal 2D

spoiled gradient-echo (GRE) sequence (known as fast low angle shot;

FLASH), cardiac imaging involved cine bSSFP in four chamber view

and short axis orientation, 3D DCE-MRI using time-resolved angi-

ography with interleaved stochastic trajectories (TWIST) and pulmo-

nary MR angiography (3D GRE). Array coils with 8–12 channels

were used for the study. For a detailed description of the MRI proto-

col and the used parameters for all acquired sequences, see the study

design publication.15 The sequence parameters for PREFUL imaging

are also described in the following paragraph.

PREFUL acquisitions included multiple 2D coronal slices cov-

ering whole lungs as well as a mid-sagittal slice of each lung. Table 3

includes a summary of the scan parameters of the spoiled GRE

sequence for PREFUL, which were: repetition time 3 msec, echo

time <0.9 msec, flip angle 5�, slice thickness 15 mm, slice gap 33%,

field-of-view 500 � 500 mm, matrix 128 � 128, generalized auto-

calibrating partially parallel acquisitions (GRAPPA) with 2-fold

acceleration (except for the Sheffield site without parallel imaging)

and totally 250 frames per slice with a temporal resolution of

288 msec. As seen in Table 3, slightly different acquisition parame-

ters were used at some of the study sites.

Post-Processing and PREFUL Analysis
PREFUL datasets from all study sites were processed on a central

server (located in Hannover) using a fully automated pipeline. Utiliz-

ing a job on a high-performance cluster allocated with 12 CPUs, the

entire post-processing and PREFUL analysis pipeline required

approximately 20 minutes per slice. The following steps were run

independently for each coronal and sagittal slice in the datasets:

1. Group-oriented registration of the acquired time frames16 using

the advanced normalization tools (ANTs) software.17

2. Automatic segmentation of lung parenchyma using a previously

trained U-NET convolutional neural network.18

3. Automatic segmentation of a large vessel region of interest (ROI) for

image sorting in a pulse wave and for perfusion normalization2 using

an in-house-developed MATLAB script (R2019b, MathWorks).

4. PREFUL analysis1 using an in-house-developed MATLAB script

(R2019b, MathWorks). PREFUL performed image sorting based

on virtual ventilation and perfusion cycles. Then, it calculated a

normalized pulse wave throughout the lung parenchyma, regional

ventilation time series (RVt) that spanned the whole breathing

cycle and regional flow-volume loops (rFVL) consisting of RVt

(as a volume surrogate) and RVt slopes (as a flow surrogate).

Additionally, 2D movies covering the whole virtual respiration

and cardiac cycle were generated (showcasing regional ventilation

dynamics and pulse wave).

5. Automated selection of the pulmonary perfusion phase from the

virtual pulse wave and calculation of normalized perfusion with

arbitrary units (in relation to the large vessel ROI).

6. Estimation of the rFVL-correlation coefficient (rFVL-CC) in all

lung voxels in comparison to a healthy reference. The healthy ref-

erence was automatically selected as the biggest cluster of voxels

with FV values in the of 75th–95th quantile range.

7. Generation of ventilation and perfusion defect maps by applying

a threshold to the rFVL-CC images (fixed threshold of 0.9)5 and

to the normalized perfusion map (fixed threshold of 0.2).4 Venti-

lation and perfusion defect percentages (VDPPREFUL and

QDPPREFUL) were also estimated from the relation between

defect areas and whole lung.

In addition, QDP was also calculated from DCE datasets as

follows: First, a ROI was manually drawn in the ascending aorta by

TABLE 1. Participant Characteristics in the Sub-Study Cohort

(Site ID) Study Center Mean Age � SD (Years)
PH Positive

(N)
CTEPH

Positive (N)
MRI Protocol
Successful (N)

(01) BREATH—Hannover 72 � 9 4 0 5

(02) TLRC—Heidelberg 70 � 15 4 3 5

(03) UGMLC—Giessen 47 � 17 3 1 5

(04) USFD—Sheffield 68 � 13 4 3 5

(05) CPC—Munich 55 � 19 4 2 5

(06) AKH—Vienna 64 � 18 5 2 5

(07) JGU—Mainz 73 � 12 5 1 5

(08) USZ—Zurich 59 � 12 2 2 (+1 CTED) 5

(09) UKR—Regensburg 66 � 17 5 3 5

PH and CTEPH diagnosis were established based on reference standard imaging (pulmonary angiography/CTPA), or when not avail-
able, in accordance with the VQ-SPECT results. From each center, five participants were included.
PH = pulmonary hypertension; CTED = chronic thromboembolic pulmonary disease; CTEPH = chronic thromboembolic pulmonary
hypertension.
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a radiologist with 5 years of experience in thoracic imaging (T.M.)

using an in-house-developed MATLAB script. Subsequently, the

lung perfusion phase was selected based on the signal function

observed in the aorta, as previously described in a dual-center study.4

To compensate the thinner slice thickness of the DCE images com-

pared to the 2D PREFUL images, coronal slice reformations of the

perfusion DCE images were generated, corresponding to thickness

and location of PREFUL slices. The QDPDCE value was then calcu-

lated from these generated coronal DCE slices using the threshold of

the 75th quantile multiplied by 0.6.19

Image Quality Assessment
A radiologist with 5 years of experience in thoracic imaging (T.M.),

a doctoral candidate physicist with 6 years of experience in PREFUL

imaging (L.B.) and a senior medical student with 3 years of experi-

ence in PREFUL imaging (M.S.) qualitatively examined raw

PREFUL datasets. Image quality was assessed with regard to the fol-

lowing aspects:

• Whole lung coverage. They determined whether more than one

coronal plane of lung parenchyma was acquired (yes) or not (no).

TABLE 2. Clinical Diagnosis of Study Participant Determined during the 6-Month Follow-Up Visit

PH Positive

Type N Cardiopulmonary Comorbidities (N)

Group 1 Idiopathic PAH 11 • O-ILD + bronchial asthma (1)
• COPD + CAD (1)
• History of PE (1)
• CAD (2)
• CHF (1)

Connective tissue disease 1 -

Group 2 Left heart disease 3 • AFib (1)
• COPD (1)

Pulmonary vein stenosis 1 AFib + ASD + history of PE (1)

Group 3 ILD-related 2 History of PE (1)

Group 4 CTEPH 17 • COPD + TAA + history of PE (1)
• AFib + history of PE (1)
• CAD + AFib + history of PE (1)
• CAD + history of PE (1)
• Hereditary thrombophilia + CAD + AFib + Bronchial asthma (1)
• History of PE (4)
• Bronchial asthma (1)
• Pulmonary metastasis of RCC (1)

Group 5 Unclear/multifactorial 1 -

PH Negative

Other Pulmonary Diagnosis N Cardiovascular Comorbidities (N)

COPD 2 CAD + TAA + AFib (1)

ILD 2 CAD (1)

CTED 1 -

History of PE 3 • Recurrent thrombophlebitis (1)
• Elevated factor VIII (1)

None 1 -

Listed types of pulmonary hypertension according to the WHO groups.11

PH = pulmonary hypertension; PAH = pulmonary arterial hypertension; PE = pulmonary embolism; COPD = chronic obstructive
pulmonary disease; ILD = interstitial lung disease; O-ILD = combined obstructive and interstitial lung disease; CTED = chronic
thromboembolic disease; CAD = coronary artery disease; TAA = thoracic aortic aneurysm; AFib = atrial fibrillation; PFO = patent
foramen ovale; ASD = atrial septal defect; CHF = chronic heart failure.

4

Journal of Magnetic Resonance Imaging

 1
5

2
2

2
5

8
6

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/jm

ri.2
8

9
9

5
 b

y
 T

est, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
7

/0
9

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



• Image artifacts. They evaluated the presence of artifacts and cate-

gorized them as non, mild, or substantial based on the extent to

which they obscured the lung parenchyma.

• Diagnostic image quality. They determined whether the image

quality was sufficient for delineating lung parenchyma and defin-

ing main mediastinal structures (yes). If moderate to severe image

artifacts overlayed lung parenchyma or in case of inappropriate

planning of the slice where parts of the lung were not imaged,

they deemed the diagnostic image quality as inadequate (no).

Slice-wise rating of partial volume effects was also performed

(0—non-existing/1—mild partial voluming with the chest wall with-

out any substantial obscuring of lung parenchyma and vessels/2—

TABLE 3. Summary of MRI Scanners Used at Different Study Sites and the Acquisition Parameters for PREFUL-MRI

Site ID—
Location

Scanner
(Participants)

Field
Strength

(T)
TR

(msec)
TE

(msec)

Flip
Angle
(�)

FOV
(mm2) Matrix

Slice
Thickness
(mm)

Study protocol 3 <0.9 5 500 � 500 128 � 128 15

01—Hannover SIEMENS
Aera

(N = 3)

1.5 3 0.82 5 500 � 500 128 � 128 15

SIEMENS
Avanto
(N = 2)

1.5 3 0.82 5 500 � 500 128 � 128 15

02—Heidelberg SIEMENS
Aera

(N = 5)

1.5 3 0.88 5 500 � 500 128 � 128 10

03—Giessen SIEMENS
Avanto
(N = 5)

1.5 3 0.92 5 500 � 500 128 � 128 15

04—Sheffield GE Signa
HDxt
(N = 5)

1.5 2.32 0.75 4 480 � 480 96 � 96 15

05—Munich SIEMENS
Aera

(N = 5)

1.5 3 0.82 5 500 � 500 128 � 128 15

06—Vienna SIEMENS
Avanto fit
(N = 5)

1.5 3 0.82 5 500 � 500 128 � 128 15

07—Mainz SIEMENS
Prisma
(N = 5)

3 3 0.82 5 500 � 500 128 � 128 15

08—Zurich SIEMENS
Skyra

(N = 5)

3 3 0.82 5 500 � 500 128 � 128 15

09—Regensburg SIEMENS
Avanto fit
(N = 1)

1.5 3 0.78 5 500 � 500 128 � 128 15

SIEMENS
Avanto
(N = 4)

1.5 3 0.78 5 500 � 500 128 � 128 15

Scan parameters on the GE scanner at the Sheffield site were set slightly different from the study protocol in order to obtain a better
image quality. Deviations from study protocol are marked in bold.
TR = repetition time; TE = echo time; FOV = field of view.
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severe obscuring of lung tissue due to partial volume effect). Coronal

slices lying outside the lung or having substantial partial volume

effects between the lung and thoracic wall were manually excluded

from further analysis.

Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR)

were calculated for expiratory and inspiratory phases of each slice.

For each coronal slice, a radiologist (T.M.) delineated ROIs in the

background noise adjacent to the thoracic wall, peripheral lung

parenchyma, and central (or the most prominent) lung vessels. SNR

was calculated as the ratio of mean signal intensity in the lung paren-

chyma ROI to the mean signal in the background ROI after cor-

recting for the non-central chi distribution in magnitude images of

multi-channel receive coils.20 CNR was calculated as the signal ratio

between peripheral lung parenchyma and central lung vessels.

Evaluation of Automated PREFUL Analysis
and Results
After completion of automatic PREFUL analyses, three independent

observers (mentioned in the previous section) visually rated the

processed datasets for correctness of co-registration and lung segmen-

tation. Inaccuracies in the co-registration were rated as mild, moder-

ate, or severe. Similarly, the lung segmentation was evaluated with

ratings from relatively accurate to the extent of lung area missed on

segmentation (categorized as mild <25%, moderate <50%, or severe

>50%) or the presence of non-lung parenchyma areas in the

segmentation mask.

Slices with severely non-accurate registration were excluded

due to probable miscalculation of the quantified perfusion. Any inac-

curate lung segmentation was manually corrected and sent back to

the pipeline for reanalysis. The automatically generated large vessel

ROIs as well as the automatic selection of the pulmonary perfusion

phase were visually inspected at the end of the analysis, In case of

inaccuracies, a manual re-segmentation or re-selection was done. Fol-

lowing these manual adjustments, the metrics were recalculated.

In order to assess the contrast between normally and hypo-

perfused lung parenchyma on PREFUL-MRI perfusion maps, a radi-

ologist (T.M.; 5 years of experience in thoracic imaging) segmented

free-shape ROIs on VQ-SPECT images (ROIs(SPECT)) using an in-

house-developed MATLAB script. These ROIs, representing nor-

mally and poorly perfused areas, were replicated on the

corresponding PREFUL morphological images. The analysis

encompassed a total of 114 coronal slices from 21 patients. Only

patients with perfusion defects detected on VQ-SPECT were

included in the analysis (N = 21), regardless of a confirmed CTEPH

diagnosis (N = 16) or not (N = 5).

Statistical Analysis
Differences in lung SNR and CNR between the study centers were

assessed using one-way analysis of variance (ANOVA). As SNR is

expected to increase in expiration, differences in lung SNR and

CNR between inspiration and expiration were also tested using

paired t-test.

Differences in normalized perfusion between normally and

poorly perfused ROIs(SPECT) were assessed on PREFUL perfusion

images using Bland–Altman analysis. In addition, the contrast

between normally and poorly perfused ROIs(SPECT) was examined

for variations between different study centers using ANOVA test.

QDPPREFUL was compared to QDPDCE using a correlation

analysis with Pearson’s correlation and a Bland–Altman analysis. In

addition, QDPPREFUL was compared using a two-sample t-test

between patients with confirmed and excluded diagnosis of

CTEPH/CTED. QDPPREFUL was also compared between the sub-

group with confirmed CTEPH/CTED (expected to have a high per-

fusion defect percentage) to other patients with excluded CTEPH/

CTED and assigned to the following clinical subgroups: confirmed

pulmonary arterial hypertension (PAH), other causes of pulmonary

hypertension and excluded pulmonary hypertension.

PREFUL parameters of lung ventilation (mean rFVL-CC and

VDP) were compared using Pearson’s correlation to the following

lung function testing scores: forced expiratory volume (FEV1),

forced vital capacity (FVC), FEV1/FVC ratio, total lung capacity

(TLC), and diffusing capacity for carbon monoxide (DLCO).

VDPPREFUL was also compared using two-sample t-test between

patients with confirmed CTEPH and patients with excluded

CTEPH. In addition, VDPPREFUL was compared between patients

in the study cohort with known chronic obstructive lung disease

(COPD) and two other subgroups with patients without known

COPD (either having a confirmed PH of any cause or with excluded

PH). was also compared between CTEPH negative and positive

patients and between patients in the study cohort with known

chronic obstructive lung disease (COPD) and others without COPD

using two-sample t-test.

In all analyses, a significance level of 5% was set. Whenever

applicable, Bonferroni correction for multiple comparisons was used.

Results

MR Image Quality

All of the included 45 participants completed their MRI ses-

sions including PREFUL imaging (representative MRI and

perfusion SPECT images are shown in Fig. 1). Image quality

of PREFUL acquisitions was visually rated by both readers as

diagnostic in all 45 datasets. In two participants (first two

participants at site 07) only three coronal PREFUL slices were

acquired (a central slice at the tracheal plane, a midventral,

and a middorsal plane). In all other participants, full lung

coverage was achieved with a range of 7–10 coronal slices.

From a total of 386 coronal PREFUL slices from all 45 partic-

ipants, 68 slices were excluded due to substantial partial vol-

ume effect (lung parenchyma with ventral and dorsal ribs).

One peripheral slice (specifically, the most posterior coronal

lung plane) from a patient at site 03 showed mild ghosting

artifacts. However, that particular slice was excluded from the

analysis due to partial volume effect caused by the presence of

the ribs. In all datasets, no severe artifacts were seen in the

raw PREFUL images. Table 4 summarizes the results of

the subjective scoring of raw image quality and the automated

PREFUL processing.

Statistically significant differences in lung SNR and

CNR (in expiration and inspiration) were present between

study centers. SNR during both inspiration and expiration

was not significantly different between the two sites with 3 T
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FIGURE 1: Representative MRI and perfusion SPECT slices from a positive and a negative CTEPH patients (scanned at site 04—
Sheffield and site 08—Zurich, respectively). Colored PREFUL maps show perfusion defects in red, ventilation defects in blue, and
matched defects in violet.

TABLE 4. Subjective Scoring of Raw Images Quality and PREFUL Automated Processing

Reader 1 Reader 2 Reader 3

Raw MR PREFUL images

MRI protocol completed (N participants/45) 45 (100%) - -

Whole lung scanned (N participants/45) 43 (95.6%) - -

Significant partial volume effect (N slices/386) 68 (17.6%) 81 (21%) 52 (13.5%)

Other artifacts (N slices/386)

Mild 1 (0.3%) 0 2 (0.5%)

Moderate 0 0 0

Severe 0 0 0

Diagnostic image quality (N slices/386) 386 (100%) 386 (100%) 386 (100%)

PREFUL outputs

Incorrect automatic lung segmentation (N slices/318)

Mild 2 (0.6%) - -

Moderate 0 - -

Severe 0 - -

Co-registration inaccuracies (N slices/318)

Mild 34 (10.7%) 33 (10.3%) 43 (13.5%)

Moderate 1 (0.3%) 0 3 (0.9%)

Severe 0 0 0

Incorrect automatic vessel ROI (N slices/318) 35 (11%) - -

Wrong automatic selection of pulmonary perfusion phase (N slices/318) 54 (17%) - -

Listed values were the sum of participants or slices that were classified in the corresponding category by the reader. In brackets is the per-
centage to the total count of participants or slices.
MRI = magnetic resonance imaging; PREFUL = phase-resolved functional lung; ROI = region of interest.
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scanners (site 07 and 08) and the other seven sites with 1.5 T

(two sample t-test: P = 0.204 in inspiration and P = 0.106

in expiration; reported P-values before Bonferroni correction

for multiple comparisons with N = 4). CNR during both

inspiration and expiration was however significantly higher in

the datasets from 3 T scanners.

Mean SNR in peripheral lung parenchyma for all

45 participants in expiration was 5.98 (SD 5.88) and in inspi-

ration 3.63 (SD 3.9). Mean CNR between peripheral lung

parenchyma and pulmonary vessels in expiration was 17.7

(SD 10.93) and in inspiration 17.52 (SD 11.12). Signifi-

cantly higher SNR was seen in expiration when compared to

inspiration in datasets from all centers (see Fig. 2). In seven

out of nine study centers, no statistically significant difference

in CNR was found between expiration and inspiration

(paired t-test P = 0.285, 0.128, 0.602, 0.684, 0.432, 0.806,

0.399; P-values before applying Bonferroni correction with

N = 9; Fig. 2); only in two centers (site 01 and 04), CNR

was significantly higher in expiration compared to inspiration.

PREFUL

PREFUL processing of all datasets was successful and normal-

ized maps of lung ventilation and perfusion could be pro-

duced. The automatic segmentation of lung parenchyma was

mildly (<25% of lung area) inaccurate in only 2/386 slices

from different participants scanned at site 01 and 05. These

segmentations were manually corrected and the PREFUL

analysis was repeated using the corrected segmentation. A

total of 33–35 out of 318 slices from different patients

showed mild to moderate registration inaccuracies mainly in

the form of mild distortion of lung vessels. Upon visual

inspection, the automated selection of a vessel ROI for

perfusion-weighted analysis was not optimal in 35 out of

318 slices. In most of these cases, the automatic ROI was

positioned at the margin of a large vessel, mesenteric fat tissue

or in a heart ventricle wall. Similarly, the automated selection

of the pulmonary perfusion phase based on the estimated

pulse wave was wrong in 54 out of 318 slices. In the latter

two cases, manual segmentation of vessel ROIs or manual

selection of the pulmonary perfusion phase was necessary.

A significant contrast between normally and poorly per-

fused lung areas was seen on PREFUL perfusion images. The

normalized perfusion, expressed as percentage, was found to

be 5.6% (SD 3.8%) for normally perfused ROIs and 1.4%

(SD 1.9%) for poorly perfused ROIs. The mean difference

between normally and poorly perfused areas was 4.2%

(SD 3.3%) and was statistically significant (see Fig. 3). Across

study sites, no significant differences were observed in the

estimated perfusion contrast (ANOVA: F = 1.92,

P = 0.065).

QDPPREFUL was significantly correlated with QDPDCE

(r = 0.66). The mean QDPPREFUL was found to be 43.5%

(SD 19.3%), while the mean QDPDCE was found to be

45.2% (SD 12%). The difference in means between the two

measures was 1.7% (SD 14.6%) and was not significant

(paired t-test: P = 0.447, see Fig. 4).

QDPPREFUL was significantly higher in patients with

confirmed CTEPH/CTED when compared to other patients

in the study cohort (mean QDPPREFUL in the positive

group = 57.9% SD 12.2% and mean QDPPREFUL in the

negative group = 33.9% SD 17.2%; Fig. 5). In patients with

excluded CTEPH/CTED, a higher variance of QDPPREFUL
was found compared to patients with confirmed diagnosis of

CTEPH/CTED (interquartile range [IQR] of QDPPREFUL in

patients with confirmed CTEPH/CTED = 43.8%–68.4%

and in excluded CTEPH/CTED = 12.9%–59%).

VDPPREFUL was not significantly different between

patients with confirmed and excluded CTEPH/CTED (t-test:

P = 0.68). However, VDPPREFUL was significantly higher in

patients with diagnosed COPD regardless of their PH status (see

Fig. 5). In all patients, VDPPREFUL correlated with three lung

function testing parameters: FEV1 (r = �0.37), FEV1/FVC

(r = �0.361), and TLC (r = 0.548). rFVL-CC correlated sig-

nificantly only with TLC (r = �0.392). A total of four partici-

pants from two study centers could not be included in the latter

analysis due to lacking lung function testing. One study center

did not report TLC measurements, so their five participants

could not be included in the comparison with TLC.

Discussion

The aim of this work was to assess the feasibility of using

PREFUL-MRI in a standardized multicenter study. By ana-

lyzing a cohort of 45 patients with suspected CTEPH who

participated in the European CHANGE-MRI study, differ-

ences were found in MR image quality between different

study centers in terms of quantitative measures (SNR and

CNR). However, the MR image quality was rated as diagnos-

tic for all datasets. PREFUL perfusion maps from all study

centers have shown a good contrast between normally and

poorly perfused areas. PREFUL estimation of ventilation

defects correlated significantly with lung function testing

parameters.

Previous studies have already validated the use of

PREFUL-MRI for assessing regional lung function.2–4,19 This

work provided additional evidence that PREFUL-MRI can

quantify regional lung perfusion and ventilation in a multi-

center setting, even when differences in quantitative parame-

ters of raw image quality (SNR and CNR) are seen. The

automated analysis pipeline of this study performed all

PREFUL post-processing steps on datasets acquired in differ-

ent study centers using different MRI scanners. Some coronal

slices showed mild to moderate registration inaccuracies prob-

ably due to partial volume effect (all these slices were posi-

tioned in most anterior or posterior planes in the lung). Only

a small portion of the datasets required manual correction of

8
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FIGURE2:BoxplotsofSNRandCNRofrawPREFULimagesinendinspirationandendexpirationacrossallstudysites.P-valuesrepresenttheresultfromthecenter-wisepairedt-test.
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automated lung segmentation, while a larger proportion

required manual vessel ROI segmentation and selection of

lung perfusion phase. Further technical developments of the

automated pipeline could benefit greatly from the availability

of multicenter datasets. This would enable the development

of a more reliable fully-automated post-processing pipeline

that would facilitate the implementation of PREFUL-MRI in

clinical routine.

Although a voxel-to-voxel comparison of PREFUL

maps to perfusion scintigraphy could not be performed due

to inconsistencies in the storage of VQ-SPECT images, the

results of this study showed the feasibility of detecting lung

areas of hypoperfusion using PREFUL-MRI in a multicenter

setting. These findings were in accordance with the perfusion

defects seen on SPECT imaging. First, there was a significant

contrast between normally and poorly perfused areas on the

PREFUL perfusion map with no significant differences

between study centers. Second, estimated QDP values using

PREFUL were significantly correlated to those calculated

from the widely used DCE technique. The correlation coeffi-

cient was similar to that reported in a previous dual-center

study in patients with cystic fibrosis.4 In addition, patients

with diagnosed CTEPH (or CTED) had, as expected, a sig-

nificantly higher QDPPREFUL than those with a negative

CTEPH diagnosis. The CTEPH negative group included

some participants with a relatively high QDP, who were clini-

cally ill and could have pulmonary perfusion deficits due to

other causes, such as severe emphysema. The group of

P

FIGURE 3: Bland–Altman plot of normalized lung perfusion on
PREFUL images between areas with normal perfusion and others
with perfusion defects that were segmented in accordance with
the VQ-SPECT scans. Datapoints (each from a coronal slice in the
dataset) are plotted with different colors according to the
corresponding study center (see Table 1).

P

FIGURE 4: Depiction of the correlation between QDPPREFUL and QDPDCE. (a) Scatter plot with a regression line and (b) Bland–Altman
plot showing the mean difference (solid line) and the �1.96 SD (dotted lines). Datapoints (each from a coronal slice in the dataset)
are color coded according to the corresponding study-center as specified in Table 1. QDPPREFUL/QDPDCE: perfusion defect
percentage calculated using phase-resolved functional lung (PREFUL-MRI)/dynamic contrast-enhanced MRI (DCE-MRI).
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patients with confirmed pulmonary arterial hypertension

(PAH) rather than CTEPH showed also a high QDP. This

could be a result of increased precapillary pulmonary arterio-

lar resistance in the PAH group, causing a delayed peak of

the estimated pulse wave with decreased amplitude in the

lung capillaries.

In all centers, a significant difference in lung SNR was

found between inspiration and expiration, hence, an

N = 8 N = 18 N = 12 N = 7

N = 7 N = 32 N = 6 N = 7 N = 32 N = 6

N = 8 N = 18 N = 12 N = 7

FIGURE 5: Boxplots of (a) QDPPREFUL, (b) non-matched QDPPREFUL, (c) VDPPREFUL, and (d) non-matched VDPPREFUL in different clinical
subgroups of the study participants. For QDP, a patient subgroup with confirmed CTEPH/CTED diagnosis and thus expected
perfusion deficits were compared to other subgroups: pulmonary arterial hypertension (PAH), other causes of pulmonary
hypertension (Other PH+) and excluded pulmonary hypertension/excluded CTED (PH�/CTED�). VDP was compared between a
patient subgroup with diagnosed COPD (expected ventilation defects) and subgroups with no COPD and either a confirmed or
excluded PH (COPD�/PH+ or COPD�/PH�, respectively). Asterisks represent significant differences. Red lines indicate the median
and whiskers indicate the variability outside the upper and lower quartiles.
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estimation of regional lung ventilation using PREFUL was

expected to be technically possible.1 A significant correlation

of the estimated ventilation defect percentage with lung func-

tion further confirmed this hypothesis. As expected, no signif-

icant difference in VDPPREFUL was found between positive

and negative CTEPH groups. However, patients with an

obstructive lung disease showed significantly higher

VDPPREFUL than others without known COPD, regardless of

an accompanying PH or not.

The fact that the 1.5 T GE MRI scanner showed signif-

icantly lower SNR and CNR values in the lung parenchyma

compared to the 1.5 T Siemens scanners despite even a lower

matrix size used on GE may be explained by inherent vendor

differences of the hardware and software despite using GRE

FLASH sequences on all scanners. Nevertheless, also on the

GE MRI significant differences between in- and expiration

could be observed with resulting diagnostic PREFUL-derived

ventilation and perfusion maps.

Limitations

One limitation of this work was the low number of subjects

from each study center. Furthermore, no direct comparison

of PREFUL parameters of the same patient scanned at differ-

ent sites was possible because each participant was examined

only once at a specific study center.

Conclusion

PREFUL-MRI could be considered as a standardized method

for examining regional lung function in multicenter studies.
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