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ABSTRACT Hyperpolarised 3He ventilationMRI, anatomical lung MRI, lung clearance
index (LCI), low-dose CT and spirometry were
performed on 19 children (6–16 years) with
clinically stable mild cystic ﬁbrosis (CF) (FEV1>
−1.96), and 10 controls. All controls had
normal spirometry, MRI and LCI. VentilationMRI was the most sensitive method of
detecting abnormalities, present in 89% of
patients with CF, compared with CT
abnormalities in 68%, LCI 47% and
conventional MRI 22%. Ventilation defects
were present in the absence of CT
abnormalities and in patients with normal
physiology, including LCI. Ventilation-MRI is
thus feasible in young children, highly sensitive
and provides additional information about
lung structure–function relationships.

BACKGROUND
Lung ventilation heterogeneity due to the
obstruction of small airways is an early and
potentially reversible step in the progression of cystic ﬁbrosis (CF). Individually,
multiple breath washout (MBW), hyperpolarised (HP) gas ventilation-MRI and conventional structural lung imaging by CT
have all been shown to be sensitive to early
changes in the lungs before spirometry.1–3
The information they provide is complementary, and HP ventilation-MRI in particular has the potential to reveal airways
obstruction and the functional consequences of regional structural changes
detected with CT, as well as the nature of
ventilation heterogeneity that prolongs gas
washout in MBW.4 The aim of this study
was to investigate the relative sensitivity of
imaging and physiology assessments for
the detection of early-stage lung disease in
children with CF. In addition, we explored
what insight functional ventilation imaging
provides about the nature of ventilation
abnormalities in the lungs in early CF and

Figure 1 Comparison of lung
physiology and ventilation imaging
metrics for healthy controls and
patients with cystic ﬁbrosis (CF). Each
point represents a single subject; error
bars represent group means and 95%
CI of the means. (A) FEV1 z-score and
(B) FEV1/FVC z-score derived from
spirometry. Horizontal dotted line
indicates a z-score of zero. (C) Sitting
lung clearance index (LCI) and (D)
supine LCI from multiple breath
washout. Horizontal dotted line
represents upper limit of normal LCI.
(E) Unventilated lung volume
percentage (UVP) and (F) mean
coefﬁcient of variation (CV) of
ventilation imaging signal, from 3He
MRI.
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how these correlate with the more clinically scalable assessment of ventilation heterogeneity provided by MBW.

METHODS
For full technical details, see the online
supplement.
Nineteen CF children and ten controls
were assessed. Subjects attended on a
single occasion, when clinically stable, and
were assessed with SF6 MBW,1 plethysmography, spirometry, HP 3He MRI and 1H
MRI. Patients with CF also underwent
inspiratory and expiratory chest CT.5 All
subjects had FEV1 z-score>−1.96 and
were aged between 6 and 16 years old.
To test for signiﬁcant differences between
the healthy control and CF patient
groups, two-tailed paired tests were performed to reﬂect the age-matching of
data. Sensitivity was deﬁned as the presence of an abnormal measurement (ie, not
within the normal range for that measurement) in the presence of the diagnosis of
CF. This assumes that all patients should
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RESULTS
Full demographic and outcome data are
presented in the online supplement.
Patients with CF had early-stage lung
disease, with no signiﬁcant differences
between CF and controls for any lung function measures except lung clearance index
(LCI) (ﬁgure 1). In controls, no ventilation
or structural abnormalities were detected
on either 3He or 1H MRI (see online
supplement). Both 3He MRI quantitative
measures were however signiﬁcantly
increased in patients with CF when compared with controls (ﬁgure 1). Ventilation
heterogeneity and obstruction seen with
ventilation-MRI generally corresponded to
anatomical abnormalities detected by CT
(see online supplementary ﬁgure S4). In
several instances, however, ventilation
defects were present on ventilation-MRI
with no corresponding features of structural
pathology detectable on CT (ﬁgure 2).
The presence of visible defects on
ventilation-MRI
had
the
greatest

sensitivity for detecting evidence of CF
airways disease: nine patients with CF
(47%) had elevated sitting LCI, when
compared
with
17
(89%)
with
ventilation-MRI abnormalities. In contrast, structural abnormalities were detectable in four patients (22%) with 1H MRI
and 13 patients (68%) with CT.
Ventilation-MRI detected abnormalities in
four patients with normal CT; LCI was
abnormal in only two of these. Two
patients with mild variant disease (both
R117H-7T heterozygotes) had no abnormality detected by any technique; these
were the only patients with CF where
3
He MRI was normal.
A table of correlations is presented in
the online supplement. LCI and 3He MRI
metrics showed signiﬁcant moderate correlation and 3He MRI %-unventilated
lung correlated signiﬁcantly with CT
Brody score and CT gas-trapping score.
There was no signiﬁcant correlation
between LCI and CT scores.

DISCUSSION
This is the ﬁrst study to combine the
powerful functional technique of ventilation imaging using HP gas MRI with
assessments of structural lung disease
from CT and the whole lungs assessment
of ventilation heterogeneity provided by
MBW. Although both 3He MRI and
MBW measure aspects of ventilation heterogeneity in the lungs, the detailed

spatial
information
provided
by
ventilation-MRI meant that abnormalities
in ventilation distribution were visible
even when these were insufﬁcient to affect
the LCI. Likewise, ventilation defects
were visible in some cases in the absence
of structural abnormalities on CT (eg,
ﬁgure 2), which may be due to the inherent sensitivity of ventilation imaging to
small airways obstruction that cannot be
explicitly resolved on CT.
These are important ﬁndings for our
understanding of how CF lung disease
develops and how we interpret lung function data. In this cohort of patients with
CF, speciﬁcally selected to represent those
with the mildest airways disease, LCI was
abnormal in almost half of all subjects
(47%), in keeping with prior observations.1 6 Ventilation-MRI however was
more sensitive than both LCI and CT and
detected ventilation defects in all but two
patients (89%), both of whom had genetic
variants that may not be associated with
CF lung disease until adulthood. The
great advantage of ventilation-MRI is that
it offers detailed regional information
about the nature and distribution of ventilation defects. Thus, in patients with early
disease, we predominantly detected
patchy ventilation defects distributed
throughout the lung, with larger focal
defects in areas where there was already
evidence of structural damage on CT or
1
H MRI. In contrast, MBW represents a

Figure 2 Hyperpolarised gas MRI
and CT imaging: examples of
discordance in patients with cystic
ﬁbrosis (CF). Each row represents a
single unique patient with CF, with
equivalent slices from hyperpolarised
gas MRI, CT and 1H MRI in the
columns from left to right. In the ﬁrst
subject (A–C), 3He MRI showed
heterogeneous ventilation with widely
distributed patchy, semiventilated
defects (A). CT for this slice was
normal (expiratory, shown in B) and 1H
MRI (C) was normal throughout. In the
second patient with CF, small,
subsegmental defects were observed
throughout the lungs with 3He MRI
(D). CT for this slice was normal
(expiratory, shown in E), but elsewhere
showed lingular atelectasis and
minimal air-trapping. 1H MRI was
normal for this slice (F) but showed
lingular atelectasis elsewhere. In the
ﬁnal patient, several small ventilation
defects were seen on 3He MRI (G),
while CT (inspiratory, shown in H), 1H
MRI (I) and lung clearance index were
all normal.
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have some abnormality in at least one
measurement, which may not be true in
this population with very mild clinical
expression of CF, and therefore provides a
conservative estimation of sensitivity of
the lung assessments. This study was
approved by the National Research and
Ethics Committee (REC 12/YH/0343) and
parents/guardians
provided
written
informed consent.
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washout signal integrated over the whole
lungs, so that mild ventilation heterogeneity can inevitably be masked, and differentiation of the signal into regional or
anatomical lung compartments is at best
speculative.7
The 1H MRI protocol deployed here was
used to determine lung boundaries and was
not optimised for structural imaging, where
new methods such as 3D ultrashort echo
time imaging should offer improvements.
Alternative CT scoring systems and protocols also exist that may offer additional sensitivity.8 Finally, we did not perform
gadolinium contrast-enhanced imaging, as
we felt this would deter children from participating. Despite possible limitations in
the 1H MRI and CT protocol, it is clear
that HP gas ventilation-MRI is a powerful
tool for detecting early lung changes. The
superior sensitivity and detail of information provided by ventilation-MRI also
offers the prospect that this measurement
will allow an earlier or more detailed
radiation-free appreciation of the response
to novel therapies than even LCI.9 The
advent
of
high-quality
HP
gas
ventilation-MRI using the cheaper and
readily available 129Xe isotope means that
the technology is now much more readily
clinically deployed.10 The ventilation-MRI
presented here are thus exemplars of what
may become routine assessments in detecting early disease and treatment effects.
In conclusion, in this population of
children with CF with very mild lung
disease,
we
have
shown
that
ventilation-MRI is highly sensitive to
detecting the consequences of airway
disease. Even patients with apparently
pristine lungs by all current physiology
and imaging standards have evidence of
ventilation-MRI abnormalities. HP gas
MRI provides detailed regional information about disease severity and physiological impairment.

