
Free-breathing MRI for monitoring
ventilation changes following antibiotic
treatment of pulmonary exacerbations in
paediatric cystic fibrosis

To the Editor:

Treatment response in cystic fibrosis (CF) is traditionally monitored using pulmonary function tests
(PFTs), such as spirometry. However, PFTs can be insensitive to treatment, particularly in early CF lung
disease [1]. Hyperpolarised xenon-129 magnetic resonance imaging (Xe-MRI) has been shown to be
feasible in children [2], more sensitive to early CF lung disease compared to PFTs [3] and captures
improvements in ventilation inhomogeneity in paediatric CF patients receiving intravenous antibiotic
treatment for a pulmonary exacerbation [4]. However, access to hyperpolarised 129Xe gas is not widely
available, and Xe-MRI requires subjects to perform an extended breath-hold (10–15 s), which is
challenging for very sick children.

Phased resolved functional lung (PREFUL) is used to derive regional pulmonary ventilation distribution
from free-breathing proton MRI data [5]. PREFUL does not require inhalation of a gaseous contrast agent,
breath-holds, or the use of additional equipment outside the MRI and has been demonstrated to be
feasible in healthy children and those with CF [6].

As an extension of the study by RAYMENT et al. [4], which used Xe-MRI to monitor children with CF
treated with intravenous antibiotics for a pulmonary exacerbation, we explored whether PREFUL MRI can
be used to track response to this intervention. Of the 15 children participating in that previous work, both
Xe-MRI and PREFUL MRI data were available for eight participants, who formed the cohort for this
study. Local ethics board approval was obtained, and informed consent was provided by each participant/
legal guardian. Participants admitted to the hospital for intravenous antibiotic treatment of a pulmonary
exacerbation completed both free breathing proton MRI and Xe-MRI, as described previously [6], as well
as spirometry and multiple breath nitrogen washout (Exhalyzer D, EcoMedics, Duernten, Switzerland) [6],
on the same day, within 48 h of initiation of intravenous antibiotics and at the end of the treatment course.

Two-dimensional free breathing MRI was performed in a single coronal slice centred on the lungs and
PREFUL fractional ventilation (FV) maps were calculated according to VOSKREBENZEV et al. [5]. A k-means
clustering algorithm was used to determine ventilation defect percentage (VDP) from FV maps as well as
segmented and bias-corrected two-dimensional multi-slice Xe-MRI signal intensity maps [6]. For each
subject, Xe-MRI VDP was calculated from 6–8 coronal slices and from a slice co-localised to the PREFUL
slice. The treatment effects observed with PREFUL VDP, Xe-MRI VDP, the forced expiratory volume in
1 s (FEV1), and lung clearance index (LCI) were determined using a Spearman’s ranked sign test and
changes were correlated using a Spearman ranked correlation test, where p⩽0.05 indicated a statistically
significant change. Linear regression analysis was used to investigate potential correlations between
PREFUL VDP and Xe-MRI VDP, FEV1 and LCI.

Free-breathing MRI was feasible in all eight study participants. A summary of all MRI and PFT measurements
is shown in table 1. PREFUL VDP decreased significantly with an observed treatment effect of −11.2% (95%
CI −14.6 to −6.6; p=0.004). The relative changes in FEV1 and both single-slice and multi-slice Xe-MRI VDP
dropped significantly following antibiotic treatment, consistent with the findings of RAYMENT et al. [4].
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PREFUL VDP (including values for both pre- and post-treatment, n=16) correlated with multi-slice
Xe-MRI VDP (R2=0.56, p<0.0001), FEV1 (R2=0.30, p=0.0037) and LCI (R2=0.35, p=0.0015). Consistent
with RAYMENT et al. [4], multi-slice Xe-MRI VDP moderately correlated to LCI (R2=0.60, p<0.0001) and
weakly correlated to FEV1 (R2=0.37, p=0.002). While both PREFUL VDP and multi-slice Xe-MRI VDP
decreased following treatment, there was no significant correlation (ρ=0.64, p=0.09) between the relative
improvement in these measures. Furthermore, improvements in single slice PREFUL VDP did not
correlate with improvements in FEV1 (p=0.84) or LCI (p=0.27).

In this study, we demonstrate that PREFUL MRI can successfully detect improvements in regional
pulmonary function in children (aged 8–16 years old) with CF after antibiotic treatment for a pulmonary
exacerbation, similar to previously shown improvements in ventilation captured by Xe-MRI [4]. This is
relevant because of the larger number of centres that would be technically capable of performing PREFUL
MRI compared to sites with access to hyperpolarised 129Xe gas. FEV1 significantly improved following
treatment, whereas LCI did not. This is consistent with previously reported results [7] and may be related
to poorly ventilated lung units that are unmasked by pulmonary exacerbation treatment to the multiple
breath washout technique. Thus, the smaller sample size may be attributed to the lack of significance
found in this study. Furthermore, PREFUL MRI VDP correlated significantly, but weakly, with the
absolute FEV1, and LCI. However, the change in PREFUL VDP did not correlate directly with the
improvement of either FEV1 or LCI, suggesting that this imaging modality is detecting complicated
changes in regional physiology that are not directly correlated with standard measures of whole lung
physiology.

It has previously been observed that while there is a strong correlation between PREFUL and Xe-MRI
derived VDP values, there is a tendency for PREFUL VDP to be higher than Xe-MRI VDP and this bias
increases with disease severity [6]. This may be partly due to the fact that PREFUL VDP reflects changes
in lung parenchymal density, possibly capturing abnormalities in both lung air content (e.g. ventilation)
and tissue content (e.g. hyperaemia/inflammation), while Xe-MRI captures only the former. There was one
instance in which Xe-MRI VDP increased following treatment, but a relative improvement in PREFUL
VDP was observed. A potential explanation for this discrepancy could be that there was a reduction in
local inflammation without an improvement in local ventilation, which would only be detected with the
PREFUL technique and not Xe-MRI. Contrast-enhanced perfusion MRI may serve as a better comparator
in this case [8].

Furthermore, because two-dimensional PREFUL MRI was used in this study, ventilation defects outside
the single slice may have been missed, and thus should be extended to a three-dimensional MRI
acquisition to provide full lung coverage. Three-dimensional PREFUL has been implemented with a
stack-of-stars GRE sequence in several disease types [9], but has not yet been used to assess treatment
effect in CF. Other non-contrast, free-breathing MRI techniques that can used as an alternative to Xe-MRI
include Fourier decomposition [10], matrix pencil decomposition [11], and SENCEFUL MRI [12] which,
similarly to PREFUL, can be used to obtain both the perfusion and ventilation signal of the lung
throughout the respiratory cycle, but are also limited to single-slice acquisitions. To capture the entirety of
the lung, UTE MRI has been shown to provide three-dimensional morphological images with contrast and

TABLE 1 Comparison of subject demographics, pulmonary function measures, and PREFUL and Xe-MRI VDP for each of the
different subject groups

PEx (pre-treatment) PEx (post-treatment) Median change Relative change % p-value

Subjects n 8 8
Age years 15 (11 to 16)
Sex (M:F) 4:4
FEV1 % pred 72 (52 to 77) 82.5 (64 to 89) 12 (8 to 23) 18.9 (10.4 to 38.3) 0.008*
LCI 14.7 (12.4 to 15.6) 13.0 (12.4 to 15.0) −1.6 (−2.7 to −0.37) −10.5 (−14.8 to −3.1) 0.05
PREFUL VDP % 22.0 (15.2 to 30.5) 10.7 (6.5 to 14.8) −11.2(−14.6 to −6.6) −49.1(−67.2 to −32.5) 0.004*
Xe-MRI VDP %
Multi-slice 8.9 (4.6 to 14.0) 3.9 (2.0 to 9.7) −3.5 (−8.1 to −1.3) −30.6 (−73.5 to −24.0) 0.004*
Single slice 8.5 (2.6 to 12.5) 2.5 (1.9 to 4.5) −4.3 (−8.3 to −0.2) −63.4 (−73.0 to −8.1) 0.001*

Values are reported as medians with 95% confidence intervals, unless otherwise indicated. PREFUL: phased resolved functional lung; Xe-MRI:
xenon-129 magnetic resonance imaging; VDP: ventilation defect percentage; PEx: pulmonary exacerbation; M: males; F: females; FEV1: forced
expiratory volume in 1 s; LCI: lung clearance index. *: p⩽0.05 indicates significance as determined using a paired, one-tailed Wilcoxon ranked
sign test.
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spatial resolution comparable to that of computed tomography [13]. Three-dimensional UTE-SENCEFUL
MRI was shown to capture ventilation deficits in patients with lung tumours, but suffers from long
acquisition times (8–9 min) [14]. However, in a recent study, three-dimensional UTE images acquired
from CF patients were obtained in an acquisition time of 12.7 s per breathing level and allowed for
functional imaging of ventilation inhomogeneity within a few breath holds [13].

Since this study used a pulmonary exacerbation therapy paradigm, a large treatment effect, including
improvement in spirometry, was anticipated. Identifying testing modalities that can sensitively measure
treatment response in this population is critical in the modern era of CF care including CFTR modulators
[15]. The results of our study suggest that PREFUL was able to demonstrate ventilation improvements in
CF pulmonary exacerbation patients following antibiotic treatment, complementary to Xe-MRI, but
without the need for breath-holds, additional gas polarising equipment or MRI acquisition hardware/
software modifications.
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