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ZUSAMMENFASSUNG

Ziel Evaluation einer 3-dimensionalen MRT-Sequenz mit ultra-
kurzer Echozeit (3D-UTE) fiir die pulmonale Bildgebung immun-
supprimierter Patienten unter Stammzelltransplantation.

Material und Methoden Die Datenaufnahme erfolgte mit
einer 3D-UTE-Sequenz (Schichtdicke 2,34mm; Matrix

256 x 256; Akquisitionszeit 12,7-17,6s) unter Verwendung
einer Stack-of-spirals-Trajektorie innerhalb eines Atemstopps.
Die Untersuchungen wurden vor Beginn der Stammzelltrans-
plantation, bei periprozeduralen Pneumonien, vor Entlassung
und im Falle einer Rehospitalisierung durchgefiihrt. Die
Datensatze wurden auf vorliegende Pleuraergtisse, Milchglas-
infiltrate und Konsolidierungen von 2 Radiologen auf Lungen-
basis bewertet. Zum Vergleich wurde eine klinische T2-Bildge-
bung herangezogen (BLADE, Schichtdicke 6,00mm; Matrix
320 % 320; Akquisitionszeit 3,1-5,5min) und im Atomstopp
in koronarer Schichtfiihrung akquiriert. Klinisch indizierte
Low-Dose-CT-Untersuchungen in Inspiration wurden als Re-
ferenz herangezogen und auf Lungenbasis evaluiert. Es wur-
den nur Untersuchungen eingeschlossen, die innerhalb von
maximal 3 Tagen angefertigt wurden. Interrater-Ubereinstim-
mung, Sensitivitat, Spezifitdt, positiver und negativer pradik-
tiver Wert sowie diagnostische Genauigkeit der 3D-UTE-MRT
wurden ermittelt.

Ergebnisse 67 MR-Scans von 28 Patienten wurden akquiriert.
Zu 33 MRT-Untersuchungen von 23 Patienten lag eine Refe-
renz-CT vor. Die 3D-UTE zeigte eine hohe Sensitivitdt und Spe-
zifitdt in der Detektion von Pleuraergiissen (n=6; Sensitivitat
92 %; Spezifitdt 100 %) und Konsolidierungen (n =22; Sensiti-
vitat 98 %; Spezifitdt 86 %). Hinsichtlich Milchglasinfiltraten
(n=9; Sensitivitdt 63 %; Spezifitat 84 %) war die diagnostische
Leistungsfahigkeit geringer. Die Genauigkeit der 3D-UTE-MRT
war hoch (Pleuraergiisse, 98 %; Milchglasinfiltrate, 79 %; Kon-
solidierungen, 94 %). Die Interrater-Ubereinstimmung war
fir Pleuraergiisse und Konsolidierungen substanziell
(k=0,69-0,82), fiir Milchglasinfiltrate moderat (k=0,54).
Verglichen mit der T2-Sequenz zeigte die 3D-UTE-MRT die
pulmonalen Pathologien in mindestens gleichwertiger Abbil-
dungsqualitat und wurde bei Konsolidierungen und Milchglas-
infiltraten in ~50 % der Félle als Giberlegen bewertet.
Schlussfolgerung Die kontrastmittelfreie 3D-UTE-MRT er-
moglicht eine strahlungsfreie und diagnostische Darstellung
typischer pulmonaler Komplikationen von Patienten unter
Stammzelltransplantation. Die CT zeigte sich zur Erkennung
reiner Milchglasinfiltrate Giberlegen.
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Kernaussagen:

= Die 3D-UTE-MRT des gesamten Thorax kann innerhalb
eines Atemstopps akquiriert werden.

= Die 3D-UTE-MRT ermdglicht die diagnostische Bildgebung
von Pleuraergiissen und Konsolidierungen.

= Die 3D-UTE-MRT verbessert die Detektionsraten von
Milchglasinfiltraten in der pulmonalen MRT.

= Die 3D-UTE-Bildgebung stellt pulmonale Pathologien
mindestens gleichwertig zur T2-Blade dar.

ABSTRACT

Purpose To evaluate the feasibility of non-contrast-enhanced
three-dimensional ultrashort echo time (3D-UTE) MRI for
pulmonary imaging in immunocompromised patients during
hematopoietic stem cell transplantation (HSCT).

Methods MRI was performed using a stack-of-spirals 3D-UTE
sequence (slice thickness: 2.34mm; matrix: 256 x 256; acquisi-
tion time: 12.7-17.6 seconds) enabling imaging of the entire
thorax within single breath-holds. Patients underwent MRI
before HSCT initiation, in the case of periprocedural pneumo-
nia, before discharge, and in the case of re-hospitalization.
Two readers separately assessed the images regarding pre-
sence of pleural effusions, ground glass opacities (GGO), and
consolidations on a per lung basis. A T2-weighted (T2w) multi-
shot Turbo Spin Echo sequence (BLADE) was acquired in coro-
nal orientation during breath-hold (slice thickness: 6.00mm;
matrix: 320 x 320; acquisition time: 3.1-5.5min) and read on
a per lesion basis. Low-dose CT scans in inspiration were used
as reference and were read on a per lung basis. Only scans per-
formed within a maximum of three days were included in the
inter-method analyses. Interrater agreement, sensitivity, speci-
ficity, positive and negative predictive values, and diagnostic
accuracy of 3D-UTE MRI were calculated.

Results 67 MRI scans of 28 patients were acquired. A reference
CT examination was available for 33 scans of 23 patients.
3D-UTE MRI showed high sensitivity and specificity regarding
pleural effusions (n=6; sensitivity, 92 %; specificity, 100 %) and
consolidations (n=22; sensitivity 98 %, specificity, 86 %). Diag-
nostic performance was lower for GGO (n=9; sensitivity, 63 %;
specificity, 84 %). Accuracy rates were high (pleural effusions,
98 %; GGO, 79 %; consolidations 94 %). Interrater agreement
was substantial for consolidations and pleural effusions
(k=0.69-0.82) and moderate for GGO (k=0.54). Compared to
T2w imaging, 3D-UTE MRI depicted the assessed pathologies
with at least equivalent quality and was rated superior regarding
consolidations and GGO in ~50 %.

Conclusion Non-contrast 3D-UTE MRI enables radiation-free
assessment of typical pulmonary complications during HSCT
procedure within a single breath-hold. Yet, CT was found to
be superior regarding the identification of pure GGO changes.

Key Points:

= 3D-UTE MRI of the thorax can be acquired within a single
breath-hold.

= 3D-UTE MRI provides diagnostic imaging of pulmonary
consolidations and pleural effusions.

= 3D-UTE sequences improve detection rates of ground
glass opacities on pulmonary MRI.

= 3D-UTE MRI depicts pulmonary pathologies at least
equivalent to T2-weighted Blade sequence.
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Introduction

Pneumonia is an important cause of morbidity and mortality in
immunocompromised patients with hematopoietic disease, in
particular during hematopoietic stem cell transplantation (HSCT)
procedure. Depending on the underlying spectrum of pathogens,
nodules, consolidations, and areas of ground glass opacity (GGO)
are common findings in pulmonary imaging during respiratory
infections. Non-infectious complications, such as alveolar hemor-
rhage, bronchiolitis, or cryptogenic pneumonia, lead to structural
changes of the lung parenchyma [1]. CT is the established refe-
rence technique to assess inflammatory or structural changes in
the lungs [2-4]. Repeated CT imaging in episodes of pneumonia
during HSCT procedure is commonly necessary, resulting in a
high cumulative radiation dose, which is undesirable especially in
younger patients [5, 6].

Due to recent technical advances, MRI, which is free of exposure
to ionizing radiation, has become a competitor to CT regarding
imaging of pulmonary pathologies [7-9]. Historically, the use of
MRI for pulmonary imaging has been hampered by low parenchy-

mal proton density, short T2* (0.8-3 msec at clinical field
strengths), and image artifacts from respiratory and cardiac motion
[10]. Using echo times of ~0.2 msec - being well below parenchy-
mal T2* - MRI sequences with ultrashort echo time (UTE) allow for
a significantly increased signal yield [11]. To date, three-dimensio-
nal (3D) UTE sequences provide whole-chest coverage with low
susceptibility to motion artifacts [12]. Pilot studies reported com-
parable diagnostic performance of UTE MRI and CT regarding pul-
monary imaging for the detection of pulmonary nodules [13-16]
and for parenchymal diseases [17]. A limitation of the aforemen-
tioned study of Ohno et al. [17] was the different breathing depth
between CT acquired in inspiration and the 3 D radial UTE MRI with
respiratory gating to expiration limiting comparability. 3D-UTE MRI
in breath-hold technique allows for rapid acquisition of different
breathing depths enabling their comprehensive comparison
regarding the quality of morphologic imaging.

The purpose of this study was to evaluate the feasibility of non-
contrast-enhanced 3D-UTE MRI acquired in breath-hold for pul-
monary imaging in immunocompromised patients during HSCT
procedure.
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Materials and Methods

Institutional Review

The institutional review board approved this study. All patients
provided written informed consent prior to the examinations.

Study protocol

Patients undergoing allogeneic HSCT due to a hematopoietic disease
were included in this prospective single-center study. The inclusion
criteria were planned HSCT, available baseline CT before HSCT initia-
tion, and informed consent. The exclusion criteria were general con-
traindications for MRI, unavailable baseline CT, insufficient general
condition at baseline, or informed consent refusal.

Each patient underwent pulmonary 3D-UTE MRI at hospitaliza-
tion before HSCT initiation, in the case of CT-proven pneumonia,
and before discharge after the completion of HSCT. Additional
3D-UTE MRI was acquired in the case of re-hospitalization within
six months after HSCT. At each time point, a T2-weighted (T2w)
multi-shot Turbo Spin Echo sequence with periodically rotated
overlapping parallel lines with enhanced reconstruction (BLADE,
Siemens Healthcare) was acquired as the clinical MRI reference.

The HSCT protocol at our clinic includes a non-contrast-
enhanced thoracic low-dose CT scan before HSCT initiation, which
was used as the reference standard at baseline. Typical indications
for periprocedural low-dose CT were clinical suspicion or monito-
ring of pulmonary infections and suspicion of pulmonary patho-
logy at sudden oxygen demand. If additional CT examinations
were performed around discharge or at re-hospitalization within
six months after HSCT for clinical reasons, they were used as refe-
rence examinations as well. To reduce the influence of the time
interval between CT and MRI scans on the method comparison,
only examinations performed within a maximum time interval
of three days between MRI and CT were included in the inter-
method analyses. For interrater agreement analysis and
in-method comparisons, all acquired MRI examinations were
included.

MR imaging protocol and image reconstruction

Data were acquired on a 3 Tesla system (MAGNETOM Prisma,
Siemens Healthcare) equipped with an 18-channel body and a
32-channel spine coil using a prototypical 3D-UTE sequence
employing a stack-of-spirals trajectory [18, 19] with single
breath-hold acquisition. General sequence parameters are sum-
marized in » Table 1. Specific sequence parameters were set as
follows: non-selective RF excitation pulse, coronal slice orienta-
tion, number of spiral readouts per partition=264; number of
partitions acquired with 256 spiral arms each: 102+ 14 (depend-
ing on the thoracic diameter). Surface coil intensity was corrected
by performing normalization based on a low-resolution body coil
image. Since the outer parts of k-space were undersampled in this
highly accelerated acquisition, images were reconstructed using
an iterative algorithm [18, 20].

Images were acquired in tidal inspiration and tidal expiration to
investigate the impact of different breathing states on image
quality. Breathing maneuvers were instructed via headphones. A

» Table1 MR imaging parameters.

» Tab.1 Sequenzspezifische Parameter.

3D-UTE T2w sequence
(BLADE)

repetition time (msec) ~ 2.35 1400
echo time (msec) 0.05 90
FA® 5 135
matrix 256 x 256 320%320
FoV (mm?) 600 x 600 400x400
slice thickness (mm) 2.34 6.00
slice orientation coronal, sagittal, axial coronal
acquisition time 12.7-17.6s 3.1-5.5min

BLADE: proprietary name for periodically rotated overlapping parallel
lines with enhanced reconstruction in MR systems by Siemens Health-
care; FA: flip angle; FoV: field of view; UTE: ultrashort echo time; T2w:
T2-weighted.

single dataset of the thorax was obtained during a breath-hold
time of 12.7-17.6 s depending on the individual thoracic diame-
ter. Accordingly, the overall examination time including both
breathing levels and a pause in between was less than 1 minute.

The T2w BLADE sequence was acquired in coronal orientation
with an acquisition time of 3.1-5.5 min and a breath-hold time of
15-18 s with 6-10 concatenations. Further image parameters are
summarized in » Table 1.

CT protocol

All chest CTs were performed with a 64-detector single-source sys-
tem (Somatom Definition AS, Siemens Healthcare), a 128-detector
twin-beam system (Somatom Definition Edge, Siemens Healthcare)
or a 364-detector dual-source system (Somatom Force, Siemens
Healthcare) at full inspiration. Non-contrast-enhanced images
were obtained at 50-150 reference mAs and 100-120 kV (depend-
ing on system). Dose modulation systems were used. The average
examination time was 3-8s. Images were reconstructed at slice
thicknesses of 1 mm, 3mm, and 10 mm (MIP) and assessed in a
lung window (width, 1500 HU; center, -400 HU).

Qualitative Assessment

All 3D-UTE MR image sets were anonymized, randomized, and
separately reviewed by two radiologists with eight and two years
of experience in thoracic MRI (S.V., C.M.) on a per lung basis
regarding the presence of pleural effusions, GGO, and pulmonary
consolidations. Images were reviewed on an acquired inspiration
and an expiration breath-hold level and the visibility of a certain
pathology was compared on a three-point scale (better/equal/
worse). 3 D imaging allows any desired orientation by using multi-
planar reconstruction. Images were read on a clinical workstation
using a commercially available picture archiving and communica-
tion system (Phoenix-PACS). Each CT image used as the reference
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standard was evaluated, anonymized, and randomized regarding
the same study items in consensus reading on a per lung basis
using all three slice orientations. Therefore, 3D-UTE MRI and CT
image sets were first read on coronal slices and proofread on
sagittal and axial planes. For image assessment, standardized
terms for thoracic imaging as proposed by the Fleischner Society
were used for CT [21] and adopted for MRI [22]. Visibility of a cer-
tain pathology in 3D-UTE MRI was compared to the corresponding
image set of the T2w sequence in coronal slice orientation on a
three-point scale (better/equal/worse) on a per lesion basis.

Statistical Analyses

Statistical tests were performed using SPSS Version 25 (IBM). The
sensitivity, specificity, PPV, NPV as well as accuracy rates of MRI
were calculated. The Wilcoxon signed-rank test was used for com-
parison of 3D-UTE MRI and CT. Cohen s Kappa test assessed the
interrater agreement in 3D-UTE MRI. Continuous variables are
reported as mean * standard deviation. Statistical significance
was set at p<0.05.

Results

Pulmonary 3D-UTE MRI was performed successfully in all patients
without periprocedural complications.

Study sample

During the study period, 24 patients were excluded due to contra-
indications for MRI (n=2), refusal of participation (n=19), or
insufficient general condition (n=3). 28 patients (mean age
standard deviation, 60 = 11 years; median age, 58.5 years; range,
22-78 years; 20 men) undergoing allogeneic HSCT due to a
hematopoietic disease (myelodysplastic syndrome, n=11; acute
myeloid leukemia, n=11; acute lymphoblastic leukemia, n=2;
chronic myeloid leukemia, n=1; proliferative myelofibrosis, n=2;
multiple myeloma, n=1) were included, and a total of 67 pulmo-
nary MRI scans was performed. Each patient (n =28) received pul-
monary 3D-UTE MRI at hospitalization and 21 patients before dis-
charge. 6 patients died prior to discharge, and one refused to
consent to further MRI scans. 12 MRI scans were periprocedural
scans performed in 10 patients. 2 patients received 2 periproce-
dural scans. The remaining 6 scans were performed at re-hospita-
lization of 6 patients.

As only examinations with a corresponding CT scan acquired
within a maximum time interval of three days or less were inclu-
ded in the analyses, 33 scans of 23 patients matched this crite-
rion. 19 of those scans were performed at hospitalization before
HSCT with a mean interval of 0.9 +0.7 days (median: 1.0d; range:
0-3d) and 4 scans before discharge with a mean interval of 1.5
+1.5 days (median: 1.5d; range, 0-3d). 8 scans were periproce-
dural examinations of 6 patients within a mean interval of 1.3
+£0.7d (median, 1.0d; range, 0-3 d). Two patients were scanned
at re-hospitalization within six months (mean time interval: 2.0
+1.0d; median: 2.0d; range: 1-3d). 9 of those 33 CT scans were
consensus rated as being free of pathologies, the remaining
24 scans showed at least one of the mentioned findings: 6 scans

(4 patients) showed pleural effusions, 8 scans (7 patients) GGOs
and 22 scans (13 patients) pulmonary consolidations.

Comparison of 3D-UTE MRI and CT

The comparison of 3D-UTE MRI and CT revealed no significant
differences regarding the detection rates of pleural effusions
(observer 1, p=0.32; observer 2, p>0.99), GGOs (observer 1,
p=0.74; observer 2, p=0.41), and consolidations (observer 1,
p>0.99; observer 2, p=0.16) for both readers.

Based on CT scans as reference examinations, the sensitivity,
specificity, PPV, and NPV of 3D-UTE MRI as well as the diagnostic
accuracy between MRI and CT regarding the reviewed pathologies
are listed separately for each reader in » Table 2. Pleural effusions
showed a mean sensitivity of 92+ 14 % (PPV: 100+ 0 %) with 5/6
(observer 1) and 6/6 (observer 2) true positives. One observer
rated one patient false negative for pleural effusions, but in that
case the pleural effusion showed a very low extent of only up to
7 mm. For GGO, the mean sensitivity was 63 £ 15 % and the mean
PPV was 52 £9 % with 4/9 (observer 1) and 6/9 (observer 2) true
positives. The highest sensitivity was achieved for pulmonary con-
solidations with a mean of 89 £ 10 % (true positive: observer 1, 21/
22; observer 2, 22/22) and a mean PPV of 94 £ 5 %. The specificity
values were high with 100+ 0% for pleural effusions (true nega-
tive: observer 1+2, 27/27), 84+3% for GGOs (true negative:
observer 1, 20/24; observer 2, 22/24), and 83 £ 9 % (true negative:
observer 1, 10/11; observer 2, 9/11) for consolidations. The mean
accuracy between 3D-UTE MRI and CT was best regarding pleural
effusions with 98 +3 %. It reached 79 +3 % for GGOs and 94+8%
for consolidations. Imaging examples of the assessed pathologies
on CT, 3D-UTE MRI, and the T2w BLADE sequence are given in
» Fig. 1, 2.

Interrater agreement in 3D-UTE MRI

A total of 67 scans were available for interrater agreement analy-
ses. The best interrater agreement was found for pleural effusions
with a mean Cohen’s Kappa (k) of 0.82. The mean k was 0.54 for
GGOs and 0.69 for pulmonary consolidations. » Table 3 provides
detailed results of the interrater agreement analyses.

Qualitative assessment of 3D-UTE MRI and T2-
weighted imaging

Regarding the comparison of inspiration and expiration acquired
in 3D-UTE MRI, both readers did not find a breathing level to pro-
vide constant superior or inferior illustration of the lung patholo-
gies assessed. > Table4 presents detailed results of both obser-
vers regarding comparison of the visibility of the mentioned
findings in inspirational and expirational breath-hold level.

Both radiologists rated all detected pathologies with equal or
superior visibility in 3D-UTE MRI when compared to the T2w
sequence. > Table 5 presents detailed results of both observers.

Discussion

This prospective study evaluated the feasibility of three-dimen-
sional ultrashort echo time (3D-UTE) MRI acquired within a single
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> Fig. 1 a, d Low-dose CT of a 64-year-old woman with acute myeloid leukemia. Diffuse ground glass opacities (dashed lines) in both upper lobes,
nodules (arrowhead) and consolidations (big arrow), were detected by CT and b, e three-dimensional ultrashort echo time (3D-UTE) MRI. Regard-
ing ground glass opacities, 3D-UTE provided superior identifiability compared to the c, f T2-weighted sequence. For nodules and consolidations,

the sequences performed similarly. Pleural effusions (asterisk) on both sides were visible on CT (soft tissue window not presented) as well as in 3D-
UTE and T2-weighted BLADE sequence.

> Abb.1 a, d Low-dose-CT einer 64-jdhrigen Frau mit akuter myeloischer Leukamie. Diffuse Milchglasinfiltrate (gestrichelte Linien) in beiden Lun-
gen, Noduli (Pfeilspitze) und Konsolidierungen (dicker Pfeil) konnten mittels CT und b, e 3-dimensionaler Ultra-short-echo-time (3D-UTE) -MRT
detektiert werden. Beziiglich Milchglasinfiltraten zeigte sich die 3D-UTE verglichen zur ¢, f T2-gewichteten Sequenz tiberlegen. Die Detektierbar-
keit von Noduli und Konsolidierungen war in beiden Sequenzen vergleichbar. Pleuraergiisse (Stern) beidseits waren sowohl in der CT (Weichteil-
fenster nicht prasentiert) als auch in der 3D-UTE und der T2-gewichteten BLADE-Sequenz sichtbar.

breath-hold for diagnostic imaging of pulmonary complications
during hematopoietic stem cell transplantation procedure.

UTE MRI allows for whole-chest coverage in 3D at any desired
breathing level within a single breath-hold, making the overall
examination time comparable to that of a chest CT. With CT as
the reference standard, 3D-UTE MRI provided overall high diag-
nostic accuracy (81-98 %), specificity (83-100 %), and NPV (84—
97 %) regarding the detection of the assessed pulmonary patho-
logies. Sensitivity and PPV were distinctly lower for GGOs (51-
61 %) compared to consolidations (88-89 %) and pleural effusions
(88-100%). Interrater agreement in 3D-UTE MRI was substantial
except for GGOs, where the agreement level was moderate. Com-
pared to the assessed T2-weighted BLADE sequence, 3D-UTE MRI
provided at least equal illustration of the investigated pulmonary
pathologies and was rated superior in approximately 50 % of con-
solidations and GGOs. No particular breathing state provided con-
sistently better or worse detectability of the assessed findings in
3D-UTE MRI, indicating that the acquisition of a single breathing
state might be satisfactory for pulmonary imaging using the
assessed UTE sequence.

Many authors proposed lung MRI as a radiation-free alternative
to CT, especially for follow-up studies in younger patients
[23, 24], and previous studies demonstrated sufficient diagnostic
accuracy of MRI for the detection of pneumonia in neutropenic
patients [6, 25, 26]. For instance, the study of Attenberger et al.
[22] showed an overall accuracy of lung MRI of 88 % regarding
several pulmonary abnormalities when compared to CT as the
reference. In their study, a finding was rated positive when at least
one of the acquired sequences within the used MRI protocol (T2w
HASTE, 3 D VIBE) detected it. Similar results with mean consisten-
cies of 79-98 % were achieved in the present study but with a sin-
gle contrast-free sequence acquired during a single breath-hold,
thus providing a significantly reduced acquisition time of pulmo-
nary MRI. In contrast to the studies of Rieger et al. [27] and Ohno
et al. [17], the present study protocol also included normal scans
without any pathology.

With a sensitivity of 35%, Attenberger et al. postulated the
detection of GGOs to be a major limitation of 3T MRI [22].
Although the performance of 3D-UTE MRI for the detection of
GGOs with a mean sensitivity of up to 61% and a mean PPV of up
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» Fig.2 a Low-dose CT of a 50-year-old woman with acute myeloid leukemia. The CT image shows diffuse areas of ground glass opacity, presenting
superior on thoracic b three-dimensional ultrashort echo time (3D-UTE) MRI compared to ¢ T2-weighted sequence. d Low-dose CT of the same patient
six months later. The CT image demonstrates extensive consolidations in the lower lobe of both sides (arrow). These findings are equally represented
on e 3D-UTE MRI. f T2-weighted sequence BLADE is inferior regarding illustration of the consolidations when compared to 3D-UTE MRI.

» Abb.2 alow-dose-CT einer 50-jdhrigen Frau mit akuter myeloischer Leukdmie. Das CT zeigt diffuse Milchglasareale, welche im Vergleich zur

c T2-gewichteten BLADE-Sequenz in der b 3-dimensionalen Ultra-short-echo-time (3D-UTE) deutlicher dargestellt wurden. d Low-dose-CT dersel-
ben Patientin 6 Monate spater. Das CT zeigt ausgedehnte Konsolidierungen der Unterlappen beidseits (Pfeil), welche gleichwertig in der e 3D-UTE
dargestellt wurden. f Die T2-gewichtete BLADE-Sequenz war in der Darstellung der Konsolidierungen im Vergleich zur 3D-UTE unterlegen.

to 51 % was superior when compared to the results of Attenberger
et al. and Ekinci et al. [6], it was still significantly lower when com-
pared to CT as the reference. However, only three of the investiga-
ted 28 patients in our study showed exclusive GGOs without con-
comitant consolidations on CT. The more experienced observer
correctly recognized one of these. The other two were missed by
both readers. In the first patient, MR and CT image assessment
was highly hampered by motion artifacts but CT was still able to
visualize the areas of GGO. The CT image set of the second patient
showed a single and very discrete focal ground glass area, which
could only be assumed on MRI with knowledge of the CT finding
and was missed by both readers. In seven other patients (eleven
scans), GGO was accompanied by consolidations, and only one of
these scans was missed by one observer. Thus, the clinical impor-
tance of the detection of pure GGOs remains questionable in the
context of diagnostic imaging during HSCT and needs a larger
study population for a targeted investigation.

Generally, lower respiratory tract infections can cause intrapul-
monary and extrapulmonary complications and are associated
with high morbidity and mortality rates in immunocompromised
patients. Early diagnosis and therapy of pneumonia as well as early
detection of its partly life-threatening complications can have
severe impact on patient outcome [28, 29]. Parapneumonic effu-
sion is such a complication occurring in 20-40 % of patients and
raising the mortality rate compared to patients without effusion
[30]. 3D-UTE MRI enables diagnostic imaging of pleural effusions
and consolidations as well as any number of follow-up scans to
assess the therapy response in a radiation-free manner.

Limitations

The study has a limited number of patients. As was to be expected,
the consent of the partly critical ill patients to additional MRI exami-
nations for study purposes was moderate, especially under the cir-
cumstances of periprocedural complications during HSCT. To avoid
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» Table 3 Interrater agreement of 3D-UTE MRI.

» Tab.3 Interrater Ubereinstimmung in der 3D-UTE-MRT.

number of scans: 67

observer 1
pleural effusion, right lung 7
pleural effusion, left lung 6
ground glass opacity, right lung 13
ground glass opacity, left lung 12
consolidation, right lung 30
consolidation, left lung 29

frequency of finding

Cohen’s Kappa

observer 2
9 0.86
9 0.78
12 0.46
14 0.62
37 0.73
35 0.64

» Table4 Comparison of the visibility of pulmonary pathologies in inspiration and expiration in the 3D-UTE sequence.

» Tab.4 Vergleich der Erkennbarkeit pulmonaler Pathologien in Inspiration und Exspiration der 3D-UTE-Sequenz.

number of scans, 67 equal

pleural effusions observer 1 66 (99 %)
observer 2 65 (97 %)
GGO observer 1 65 (97 %)
observer 2 61 (91%)
consolidations observer 1 63 (95 %)
observer 2 62 (93 %)

GGO: ground glass opacities; UTE: ultrashort echo time.

inspiration superior expiration superior

1(1%) 0(0%)
1(1%) 1(1%)
2(3%) 0(0%)
4(6%) 2(3%)
1(1%) 3(4%)
3(4%) 2(3%)

» Table5 Comparison of the visibility of pulmonary pathologies in 3D-UTE and T2-weighted BLADE sequences.

» Tab.5 Vergleich der Erkennbarkeit pulmonaler Pathologien bei Verwendung der 3D-UTE und einer T2-gewichteten BLADE-Sequenz.

number of scans, 67 equal

pleural effusions observer 1 42 (63 %)
observer 2 67 (100 %)

GGO observer 1 27 (40 %)
observer 2 46 (69 %)

consolidations observer 1 30 (45 %)
observer 2 39 (58 %)

GGO: ground glass opacities; UTE: ultrashort echo time; T2w: T2-weighted.

compromising data accuracy for the method comparison, examina-
tions with a time interval of more than three days between MRI and
CT were excluded, resulting in a limited number of available scans.
Because a CT scan no older than six weeks is required for HSCT

UTE superior T2w superior

17 (25 %) 8(12%)

0 (0%) 0(0%)
35(53%) 5(7 %)
21(31%) 0(0%)
35(53%) 2(2%)

27 (40%) 1(2%)

initiation, these scans are commonly performed elsewhere in
advance, which led to a long time interval until 3D-UTE MRI and
nine scans had to be excluded for this reason. Regarding periproce-
dural scans, four patients could not be investigated with 3D-UTE
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MRI for study purposes within three days due to their critical condi-
tion. Around discharge and in the case of re-hospitalization within
six months, there was no clinical indication for further radiation
exposure by CT, leading to a small number of reference CT scans
at that time point. The method comparison of 3D-UTE MRI and CT
based on a maximum time interval of up to three days between the
examinations may have been affected by the fact that pulmonary
infiltrates and especially GGOs can be subject to rapid changes.
Thus, it is possible that some of the CT findings have improved or
disappeared before MRI acquisition. Therefore, it is conceivable
that the study results underestimate the diagnostic accuracy of pul-
monary 3D-UTE MRI. The desirable analysis of same-day examina-
tions only could not be performed due to the limited study popula-
tion.

Since the low study population is also associated with a partly
low prevalence of some assessed pathologies, careful interpreta-
tion of the represented features is necessary.

As 3D-UTE MRI was rated on a per lung basis, it is possible that
not every lesion was detected. However, the clinical impact of
that possibly missing information is low as the therapy concept
would not have changed.

The difference in slice thickness between the T2w BLADE
sequence (6 mm) and 3D-UTE MRI (2.3 mm) hampers the com-
parison of these sequences. However, we wanted to compare the
UTE technique with a clinically widespread sequence for pulmo-
nary MRI. Reducing the slice thickness in the T2w sequence in
order to optimize comparability would have further increased its
acquisition time, breath-hold duration and/or number of breath-
hold repetitions not being suitable for respiratory-compromised
patients. Using 3D-UTE MRI, partitions of 2.3 mm can be acquired
within a single breath-hold and an acquisition time of a few
seconds. However, a breath-hold duration of up to 17.6s can be
challenging, especially for respiratory-limited persons. Further
development is required to shorten the breath-hold duration.

Additionally, the T2w Blade sequence was only acquired and
assessed in coronal slice orientation, which is not ideal for detecting
pleural effusions, whereas the 3D-UTE sequence was assessed using
all three slice orientations due to its three-dimensionality.

Another limitation of the study might be that acute graft-
versus-host-disease (GvHD), which demonstrates with patchy
consolidations, is difficult to differentiate from pulmonary infiltra-
tions with imaging only. However, acute pulmonary GvHD is a rare
complication and none of our patients had clinical evidence of
that complication.

Conclusion

Stack-of-spirals 3D-UTE MRI with single breath-hold acquisition
has high potential for morphologic lung imaging to assess typical
pulmonary complications during hematopoietic stem cell trans-
plantation. 3D-UTE sequences improve detection rates of GGO in
pulmonary MRI. Compared to the T2w BLADE sequence, 3D-UTE
MRI provides superior illustration of the assessed pulmonary
pathologies. Thus, radiation-free, contrast-free, and rapidly
acquirable 3D-UTE MRI can be expected to play a major role in
future pulmonary imaging, for example, in the diagnosis and
follow-up of patients with pneumonia.

Clinical impact

= 3D-UTE MRI enables radiation- and contrast-free pulmonary
imaging within a single breath-hold.

= Due to its diagnostic performance in the detection of lung
consolidations and pleural effusions, as well as the improved
detectability of ground glass opacities compared to traditional
lung MRI, 3D-UTE MRI may play an important role in future
pulmonary imaging.

= Patients requiring recurrent imaging may benefit from this
sequence technique as a result of the reduction of the cumu-
lative radiation dose.
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