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Abstract 

Image registration of lung CT images acquired at different inflation levels has been proposed 

as a surrogate method to map lung ‘ventilation’. Prior to clinical use, it is important to 

understand how this technique compares with direct ventilation imaging modalities such as 

hyperpolarised gas MRI. However, variations in lung inflation level have been shown to affect 

regional ventilation distributions. Therefore, the aim of this study was to evaluate the impact of 

lung inflation levels when comparing CT ventilation imaging to ventilation from 3He-MRI. 

 

7 asthma patients underwent breath-hold CT at total lung capacity (TLC) and functional 

residual capacity (FRC). 3He-MRI and a same-breath 1H-MRI were acquired at FRC+1L and 

TLC. Percentage ventilated volumes (%VVs) were calculated for FRC+1L and TLC 3He-MRI. 

TLC-CT and registered FRC-CT were used to compute a surrogate ventilation map from voxel-

wise intensity differences in Hounsfield unit values, which was thresholded at the 10th and 20th 

percentiles. For direct comparison of CT and 3He-MRI ventilation, FRC+1L and TLC 3He-MRI 

were registered to TLC-CT indirectly via the corresponding same-breath 1H-MRI data. For 3He-

MRI and CT ventilation comparison, Dice similarity coefficients (DSCs) between the binary 

segmentations were computed. 

 

The median (range) of %VVs for FRC+1L and TLC 3He-MRI were 90.5 (54.9-93.6) and 91.8 

(67.8-96.2), respectively (p=0.018). For MRI versus CT ventilation comparison, statistically 

significant improvements in DSCs were observed for TLC 3He MRI when compared with 

FRC+1L, with median (range) values of 0.93 (0.86-0.93) and 0.86 (0.68-0.92), respectively 

(p=0.017), for the 10-100th percentile and 0.87 (0.83-0.88) and 0.81 (0.66-0.87), respectively 

(p=0.027), for the 20-100th percentile. 

 

Correlation of CT ventilation imaging and hyperpolarised gas MRI is sensitive to lung inflation 

level. For ventilation maps derived from CT acquired at FRC and TLC, a higher correlation with 

gas ventilation MRI can be achieved if the MRI is acquired at TLC.  

 

Keywords: CT ventilation imaging, functional lung imaging, hyperpolarised gas MRI, lung inflation, 

lung diseases, pulmonary image registration 

  

Page 1 of 23 AUTHOR SUBMITTED MANUSCRIPT - PMB-107468.R1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

A
cc

ep
te

d 
M

an
us

cr
ip

t



Novelty & Significance 

CT ventilation imaging derived from lung CT images acquired at different inflation levels has been 

proposed as a surrogate method to map lung ventilation. However, it is important to understand how 

the technique compares with established ventilation modalities such as hyperpolarised gas MRI. 

Direct comparison of CT ventilation imaging and gas ventilation MRI requires consideration of the 

sensitivity of both modalities to lung inflation state. To date, CT ventilation has not been compared 

against an established ventilation imaging modality acquired at different inflation states. Here, we 

report the first study to evaluate the impact of lung inflation level when comparing gas MRI and CT 

ventilation. 

1. Introduction  

The primary function of the human lungs is gas exchange of which ventilation is an essential 

component. Although normal lungs exhibit a degree of ventilation heterogeneity (Crawford et al., 

1985), a marked increase has been shown in patients with respiratory diseases (Mugler et al., 2010). 

In current clinical practice, ventilation is normally evaluated using global measures of lung function. 

Assessment of the regional heterogeneity of respiratory disease, however, requires imaging 

techniques, which are able to visualise and quantify the spatially varying extent of ventilation.  

 

Several respiratory diseases are characterised by impaired lung function on a regional basis with 

anatomically specific propensity of lung obstruction. In particular, obstructive lung diseases such as 

asthma, chronic obstructive pulmonary disease (COPD) and cystic fibrosis (CF) exhibit marked 

increases in ventilation heterogeneity when compared with normal subjects due to airway narrowing 

or closure. For asthmatics, the impact of regionally specific therapeutic interventions such as 

bronchial thermoplasty may benefit from the regional and quantitative information yielded by 

ventilation imaging from treatment planning to the assessment of regional pathophysiology response 

to treatment (Thomen et al., 2015). For COPD patients, regional ventilation can help assess the 

impact of lung volume reduction surgery (Kurose et al., 2004). For paediatric patients with cystic 

fibrosis, an early detection of ventilation dysfunction may enable bronchoscopy or physiotherapy for 

regionally specific mucus clearance to prevent the onset of lung disease irreversibility (Thomen et 

al., 2015). Regional lung ventilation imaging techniques including single photon emission computed 

tomography (SPECT) (Seppenwoolde et al., 2000; Christian et al., 2005) and hyperpolarised gas 

magnetic resonance imaging (Ireland et al., 2007) have also been applied to lung cancer patients 

undergoing radiotherapy to spatially assist in preferential sparing of functional lung during the 

treatment planning process (Ireland et al., 2016). Thus, the ability to visualise and quantify regional 

lung ventilation is highly desirable. However, current regional ventilation modalities suffer from some 
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or all of the following: poor spatial and temporal resolution, requirement of inhaled contrast agents 

and specialised equipment inaccessible to most centres. 

 

Computed tomography (CT) images of the lungs are routinely utilised in the clinic for the radiological 

assessment of respiratory diseases and radiotherapy treatment planning. Over the past decade, CT-

based methods of mapping regional ventilation, sometimes referred to as ‘CT ventilation imaging’, 

which are based on image registration of non-contrast lung CT images acquired at two different 

inflation levels, have been proposed as a surrogate method to image lung ‘ventilation’ (Guerrero et 

al., 2005; Reinhardt et al., 2008). Although the technique has gained considerable interest, relatively 

few papers have addressed the issue of validation against established direct ventilation imaging 

modalities such as hyperpolarised gas MRI (Mathew et al., 2012; Tahir et al., 2016; Tahir et al., 

2018). However, direct comparison of CT ventilation imaging and gas ventilation MRI requires 

consideration of the potential sensitivity of both methods to lung inflation state. For example, 

hyperpolarised gas ventilation MRI has been shown to be sensitive to lung inflation state; in elite 

divers, marked decreases in ventilation were demonstrated at sub-residual volumes (Muradyan et 

al., 2010), and in patients with asthma, increased and more homogeneous ventilation was visualised 

in images acquired at total lung capacity (TLC) when compared to those acquired at functional 

residual capacity (FRC) + 1L (Marshall et al., 2013). 

 

Similarly, CT-based surrogates of ventilation have been shown to be sensitive to inflation state; 

previously, Mistry et al. (2013) evaluated the effects of different breathing manoeuvres during CT 

imaging and observed marked differences in the distribution of the computed CT ventilation images. 

To date, CT-based surrogates of ventilation have not been compared against an established direct 

ventilation imaging modality acquired at different inflation states. 

 

The primary aim of this study, therefore, was to evaluate the impact of inflation levels when CT-

based surrogate maps of ventilation are compared against an established direct measure of regional 

ventilation. To this end, we employed 3He hyperpolarised gas MR ventilation imaging acquired at 

breath-hold at two different lung volumes and performed spatial overlap comparison between each 

inflation state and the CT ventilation surrogate. A secondary aim was to evaluate the differences in 

3He ventilation with lung inflation state. 
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2. Methods  

2.1. Subjects 

The study was performed with national research ethics committee approval. Between September 

2012 to February 2013, seven patients with sputum eosinophilia and moderate-to-severe asthma 

gave written informed consent to participate in this study. The inclusion criteria were greater than 18 

years of age, physician diagnosis of asthma, currently on Global Initiative for Asthma (GINA) step 2 

to 5 asthma therapies, sputum eosinophil count greater than or equal to 2%. The exclusion criteria 

included other acute illnesses, recent or current lower respiratory tract infection, contra-indication to 

MRI, body mass index <17 or >40 kg/m2, women of child-bearing potential and patients who have 

been hospitalized or required high-dose (>10mg prednisolone/day) oral corticosteroid (OCS) therapy 

within 6 weeks of the screening visit. The characteristics of these patients can be found in Table 1. 

 

Table 1 Summary of patient characteristics and lung function parameters. 

 Age Sex FEV1 (L) 
 FEV1  

(% predicted) 

FEV1/FVC  

(%) 

1 41 Male 3.35 89.10 68.65 

2 51 Female 0.80 33.81 45.71 

3 45 Male 3.85 104.42 67.54 

4 64 Female 2.10 107.03 72.41 

5 62 Male 2.30 69.21 50.00 

6 52 Female 2.10 99.81 74.73 

7 42 Male 3.30 99.97 77.65 

Mean 51 N/A 2.54 86.19 65.24 

SD 9.20 N/A 1.03 26.40 12.42 

 

FEV1 = forced expiratory volume in the first second of expiration, FVC = forced vital 

capacity, L = litres. 

2.1. Image acquisition 

All patients underwent CT and MRI. MRI was performed within 4 days of CT with a mean±SD interval 

of 1.5±0.8 days and range of 1 to 4 days. 

 

Breath-hold CT scans were acquired at TLC and FRC on a Sensation 16 scanner (Siemens, 

Forchheim, Germany). The following CT settings were used: tube voltage, 120kV; tube current, 
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120mAs; rotation time, 0.5s; pitch, 1.5. Where available, a B30f reconstruction kernel was used or 

the next kernel closest to it (e.g. B35f, B60 etc.). CT in-plane resolution was approximately 

0.86×0.86mm with a pixel matrix of 512×512. CT slice thickness was 1 mm with approximately 600 

slices for each patient.  

 

3He MR ventilation images were acquired at two lung inflation states, namely, FRC+1L and TLC, 

during separate breath-holds in a manner similar to Smith et al. (2018) described briefly as follows. 

In the same breath-hold as 3He MRI, anatomical 1H MR images were also acquired on a GE HDx 

1.5T whole body MRI system (GE Healthcare, Milwaukee, WI, USA) (Wild et al., 2011). For the 3He 

MR ventilation images acquired at FRC+1L, patients exhaled to FRC and then inhaled a mixture of 

350ml 3He and 650ml N2. For the 3He MR ventilation images acquired at TLC, patients exhaled to 

FRC and then inhaled a mixture of 400ml 3He and 600ml N2 followed by inhalation of room air until 

TLC was reached. The increase in 3He dose was to account for the gas dilution with increase in lung 

volume at TLC. Ventilation images at TLC were acquired within six minutes of those at FRC+1L.  

 

Helium was polarised on-site to approximately 25% using a rubidium spin exchange polariser (GE 

Healthcare, Amersham, UK). A transmit-receive quadrature 3He vest coil (Clinical MR Solutions, 

Brookfield, WI, USA) was used to acquire 3He images with the following sequence: 2D spoiled 

gradient-echo, 3x3mm in-plane resolution, 10mm slice thickness, 38.4cm field of view, 1.1ms echo 

time, 3.6ms repetition time, 8⁰ flip angle, 62.5kHz bandwidth and full lung coverage (20 to 24 slices). 

Same-breath 1H images from the same coronal slices were acquired using the 1H body coil of the 

scanner with the following sequence; 2D steady state free precession, 3x6mm in-plane resolution, 

38.4cm field of view, 0.7ms echo time, 2.4ms repetition time, 50⁰ flip angle, and 167kHz bandwidth. 

The MRI acquisition protocol was described in Smith et al. (2018) and Hughes et al. (2018). 

2.3. Image segmentation 

Medical image segmentation software (Mimics; Materialise, Leuven, Belgium) was used to segment 

the lungs of the inspiratory and expiratory CT scans. 3He and 1H MR lung parenchyma were 

segmented in Matlab (MathWorks, Natick, MA) using a modified version of the Spatial Fuzzy C-

means (FCM) algorithm presented by Chuang et al. (2006) as recently described (Hughes et al., 

2017). Prior to segmentation, images were pre-processed using a bilateral filter (Tomasi and 

Manduchi, 1998). Segmented images were manually inspected and large airways including the 

trachea were removed. 
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2.4. Inspiratory and expiratory breath-hold CT image registration validation and algorithmic 

optimisation 

CT ventilation imaging is highly sensitive to the image registration technique (Yamamoto et al., 2011; 

Latifi et al., 2013). In order to generate robust maps, accurate registration of inspiratory and 

expiratory CT images is essential. The vast majority of CT ventilation validation studies to date have 

utilised 4D-CT data, acquired during tidal breathing (Mathew et al., 2012; Castillo et al., 2012; Castillo 

et al., 2010). However, the spatial displacement magnitudes between the maximum inhale and 

exhale phases of normal tidal breathing are significantly lower than those of paired breath-hold CT 

images acquired at the extremes of inflation (Castillo et al., 2013). As such, inspiratory and expiratory 

breath-hold CT pose significant challenges for deformable image registration. Although several 

pulmonary CT datasets for validation of deformable registration exist (Vandemeulebroucke et al., 

2011), given the large differences between inspiratory and expiratory breath-hold CT used in this 

study, image registration was validated by computing the mean target registration error (TRE) of 300 

corresponding expert landmarks on inspiratory and expiratory breath-hold image pairs from a 

separate validation cohort consisting of CT images from ten COPD patients. The paired images were 

acquired at the same inflation levels as the breath-hold CT scans used for this study (TLC and FRC). 

These data sets were obtained from the DIR-lab (www.dir-lab.com), a publicly available reference 

dataset acquired from the National Heart Lung Blood Institute COPDgene study archive for the 

validation of pulmonary deformable registration algorithms (Castillo et al., 2013). The in-plane 

resolution of the images ranged from 0.586x0.586 to 0.742x0.742 mm. Slice thickness was always 

2.5 mm. The TRE was computed by taking the Euclidean distance between the corresponding 

landmark on the fixed and warped moving image. 

In this study, the choice of registration software used was based on the best performing algorithm at 

the time of writing during a recent pulmonary image registration competition (EMPIRE10,  

http://empire10.isi.uu.nl/), which forms part of the MICCAI Grand Challenges in image analysis. The 

results of this challenge were reported in Murphy et al. (2011) where the Greedy symmetric 

normalization (SyN) algorithm implemented within the Advanced Normalization Tools (ANTs) 

registration framework (Avants et al., 2011) attained first place.  

To find the optimal parameters for this dataset, a number of parameters were varied, and the mean 

TRE per patient was calculated. Initial parameters used were based on the developers’ own 

submissions to the EMPIRE10 challenge (http://empire10.isi.uu.nl/mainResults.php) where two 

variants of their Symmetric Normalization (SyN) algorithm were used, one with Gaussian 

regularization and the other with B-splines. These two settings are referred to here as 

‘EMPIRE10_Syn’ and ‘EMPIRE10_BSplineSyn’, respectively. Numerous experiments were 

undertaken to find the optimal parameters for the reference datasets with respect to minimising TRE. 

Page 6 of 23AUTHOR SUBMITTED MANUSCRIPT - PMB-107468.R1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

A
cc

ep
te

d 
M

an
us

cr
ip

t

http://www.dir-lab.com/
http://empire10.isi.uu.nl/
http://empire10.isi.uu.nl/mainResults.php


In this study, we compare the results of these two scripts with that of an empirically validated 

optimised parameter script, referred to here as ‘Optimised’. 

All three methods are discussed in brief below: 

1. EMPIRE10_Syn 

 

­ A coarse pre-alignment rigid transform was applied to align the centres of mass of the 

fixed and moving image intensities.  

­ The resulting transform was then applied to rigid and affine stages using the mutual 

information similarity metric with 32 histogram bins optimised via the gradient descent 

algorithm with a step size of 0.1. 

­ A multi-resolution Gaussian pyramid with 4 levels was used with down-sampling factors 

8x4x2x1 and corresponding smoothing Gaussian sigmas of 3x2x1x0 mm.  

­ A maximum of 10,000 iterations was set for each resolution level to ensure convergence 

(Glocker et al., 2011).  

­ For the non-rigid stage, the SyN diffeomorphic transform was used with a Gaussian 

regularization kernel width of 3 voxels for smoothing of the update transform field.  

­ A 4-level multi-resolution pyramid with down-sampling factors of 6x4x2x1 and 

corresponding smoothing Gaussian sigmas of 3x2x1x0 mm and the normalized 

correlation coefficient similarity metric with a radius of 4 voxels were used.  

­ A step size of 0.1 was selected for the gradient descent optimisation algorithm. 

 

2. EMPIRE10_BSplineSyn 

 

­ For the rigid and affine stages, the same parameters as above were employed.  

­ An additional diffeomorphic transformation with explicit B-spline regularization (Tustison 

and Avants, 2013) that copes with larger deformations than the familiar SyN algorithm 

(Avants et al., 2008) was applied instead to the resulting transform of the affine pipeline 

with a knot spacing for the update field of 40 mm.  

­ The same 4-level multi-resolution strategy was employed. 

 

3. Optimised 

 

­ The empirically optimised script used identical rigid and affine parameters as 

EMPIRE10_Syn and EMPIRE10_BSplineSyn.  

­ For the deformable stage, the explicit B-spline regularization was applied to the resulting 

transform of the affine pipeline.  
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­ A knot spacing for the update field of 65 mm provided optimal results.  

­ Additionally, a 5-level multi-resolution pyramid was used (instead of 4 levels) with down-

sampling factors of 10x6x4x2x1 and corresponding smoothing Gaussian sigmas of 

5x3x2x1x0 mm and the normalized correlation coefficient similarity metric with a radius 

of 2 voxels instead of 4.  

­ A step size of 0.2 was selected for the gradient descent optimisation algorithm. 

 

To reduce the computational times in performing the three registration pipelines above, 8 cores via 

an Intel Xeon E5-2670 eight-core processor @ 2.60 GHz were run in parallel on a 64-bit high 

performance Linux server (Iceberg, University of Sheffield) using the multi-threading options 

available in ITK4. 

2.5. CT ventilation computation 

For the CT ventilation calculation, FRC-CT was registered to TLC-CT using the optimised script. 

Next, TLC-CT and registered FRC-CT were used to compute a surrogate ventilation image from 

voxel-wise intensity differences in Hounsfield unit (HU) values based on a modified version of the 

original formulation of Guerrero et al. (2005) to account for the computation being performed in the 

inhalation CT spatial domain: 

 ∆𝑉𝑉𝑒𝑥𝑝 = 1000 𝐻𝑈𝑖𝑛𝑠 −𝐻𝑈̅̅ ̅̅ 𝑒𝑥𝑝𝐻𝑈̅̅ ̅̅ 𝑒𝑥𝑝(1000 + 𝐻𝑈𝑖𝑛𝑠) 
 

where 𝐻𝑈̅̅ ̅̅ 𝑒𝑥𝑝 is the HU of the voxels in the moving deformed expiration image which spatially 

correspond to the voxels in the fixed inspiration image and 𝐻𝑈𝑖𝑛𝑠𝑝 is the HU of the inspiratory voxel. 

The metric purports to be a measure of change in fractional content of air per voxel between 

respiratory phases. 

 

For subsequent analysis, the CT ventilation surrogate image needed to be segmented. Here, we 

employed the percentile threshold technique used in several studies (Castillo et al., 2010; Castillo et 

al., 2012; Kipritidis et al., 2014; Yamamoto et al., 2014) to discern ventilated from non-ventilated 

lung. To assess the effect of using different percentile values, we thresholded the CT ventilation 

surrogate to the 10-100th and 20-100th percentile ranges which were assumed to be ventilated. 
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2.6. Comparison of 3He MRI and CT 

The percentage ventilated volume (%VV) was calculated for each patient by taking the ratio of the 

binary lung segmentations of 3He and 1H MRI. For spatial comparison of 3He MRI and CT ventilation, 

for each patient, MR images were registered to the TLC-CT image’s spatial domain via the 

anatomical same-breath 1H MRI as previously described (Tahir et al., 2014) and Dice similarity 

coefficients (DSCs) were computed separately for the binary segmentations of both CT ventilation 

percentiles with that of FRC+1L and TLC 3He MRI. The workflow for the comparison method of 

FRC+1L and TLC 3He MRI with CT ventilation is shown in Figure 1. 

  

Figure 1 Workflow for comparison of FRC+1L and TLC 3He MRI with CT ventilation.  CT 

ventilation images were generated on TLC-CT geometry by deformably registering FRC-CT to 

TLC-CT. For each patient, 3He MR images were registered to the TLC-CT image’s spatial 
domain via the anatomical same-breath 1H MRI. For spatial comparison, Dice similarity 

coefficients were computed separately for the binary segmentations of the CT ventilation 

images with that of the warped FRC+1L and TLC 3He MR images. 

2.7. Statistical analysis 

Statistical analysis was performed by using IBM SPSS software (version 20.0; Chicago, Il, USA). A 

p value less than 0.05 was considered statistically significant. The Wilcoxon signed-ranks test was 

used to test statistical significance in differences.  
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3. Results  

3.1. Breath-hold CT image registration accuracy 

Figure 2 shows example coronal slices for the moving exhalation image overlaid with the fixed 

inhalation image for patient 10 of the DIR lab dataset before and after performing each of the three 

registration pipelines. There is a notable improvement in diffeomorphic registration accuracy with B-

spline regularisation for both the EMPIRE10_BSplineSyn and Optimised pipelines and subtle 

improvements for the Optimised pipeline. The mean TREs before registration and for the registration 

pipelines are displayed in Table 2. The results show that B-spline regularisation improves registration 

accuracy compared with that of Gaussian regularisation (p < 0.05). The optimised script proposed 

in this study outperformed all other methods (p < 0.05). 

 

Figure 2 Example coronal slices for the moving exhalation image overlaid with the fixed inhalation 

image for patient 10 of the DIR lab dataset before and after performing each of the three 

registration pipelines.  

 

 

Table 2 Registration accuracy results. Mean and standard deviation of the TREs of the 300 expert landmarks 

for breath-hold CT reference dataset. Values are given in mm. Summary statistics are shown for the 

registration methods compared in this study. Euclidian distances between landmarks when no registration 

was performed are provided for reference. 

Registration method Mean TRE±SD (mm) 

0. No registration 23.36±10.11 

1. EMPIRE10_Syn 7.98±3.49 

2. EMPIRE10_BSplineSyn 3.09±1.53 

3. Optimised 1.26±0.27 
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3.1. FRC+1L versus TLC 3He MRI 

All patients complied with the imaging procedures and were able to perform breath-holds at both 

FRC+1L and TLC. TLC 3He MRI exhibited increased and more homogenous ventilation than 

FRC+1L 3He MRI. Frequently, defects observed at FRC+1L would either partially or completely 

resolve at TLC. The spatial extent and location of these ventilation defects were confirmed by same-

breath anatomical 1H MRI as shown in Figure 3, indicating increased airway opening at the higher 

inflation state. The median (range) of %VV for FRC+1L and TLC 3He MRI were 90.5 (54.9-93.6) and 

91.8 (67.8-96.2), respectively (p=0.018). This is also displayed graphically in Figure 4. 

  

Figure 3 Corresponding coronal slices of patient 1 (top) and 2 (bottom) showing 3He MRI 

acquired at FRC+1L (left) and TLC (r ight) fused with same-breath anatomical 1H MRI. Some 

ventilation defects observed at FRC+1L resolve at TLC (red arrows) , indicating increased 
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airway opening at the higher inflation state.

 

Figure 4 A comparison of percent ventilated volumes of 3He MRI acquired at FRC+1L and 

TLC. Individual data points are shown for all patients.  

3.2. CT ventilation vs FRC+1L and TLC 3He MRI 

Figure 5 shows corresponding coronal slices of registered FRC+1L and TLC 3He MRI and CT 

ventilation for two patients in the study. The CT ventilation images are visually more similar to those 

of the TLC 3He MRI. This was confirmed by quantitative spatial overlap results, whereby statistically 

significant improvements in DSCs were observed between CT ventilation and TLC 3He MRI 

compared with FRC+1L 3He MRI, with median (range) values of 0.93 (0.86-0.93) and 0.86 (0.68-

0.92) respectively, for the 10-100th percentile (p=0.017) and 0.87 (0.83-0.88) and 0.81 (0.66-0.87) 

respectively, for the 20-100th percentile (p=0.027). Statistically significant improvements in DSCs 

were observed with the 10-100th compared with the 20-100th percentile CT ventilation masks for both 

FRC+1L (p = 0.026) and TLC 3He MRI (p = 0.017). The results for each patient are displayed in 

Table 3.  
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Figure 5 Corresponding coronal slices for two representative patients of registered FRC+1L 
3He MRI, TLC 3He MRI and CT ventilation. The blue arrows indicate defects and regions that 

are more visually similar for CT ventilation and TLC 3He MRI compared with FRC+1L 3He 

MRI. Note that the lower defect observed in the left lung of  the second patient (bottom row) 

is spatially offset.  

Table 3 Dice similarity coefficients for CT ventilation thresholded at two different percentile ranges with 
FRC+1L and TLC 3He MRI. 

 CT 10 to 100% percentile CT 20 to 100% percentile 

Patients 3He MRI FRC+1L 3He MRI TLC 3He MRI FRC+1L 

3He MRI  

TLC 

1 0.86 0.93 0.81 0.87 

2 0.78 0.86 0.78 0.84 

3 0.92 0.93 0.87 0.88 

4 0.92 0.93 0.87 0.87 

5 0.68 0.87 0.66 0.83 

6 0.92 0.93 0.86 0.87 

7 0.85 0.91 0.81 0.86 

Mean±SD 0.85±0.09 0.91±0.03 0.81±0.07 0.86±0.02 

Median (range) 0.86 (0.68-0.92) 0.93 (0.86-0.93) 0.81 (0.66-0.87) 0.87 (0.83-0.88) 

P value 0.017 0.027 
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4. Discussion  

Seven adults with asthma were evaluated in the first study to compare CT-based surrogates of 

ventilation with an established ventilation modality acquired at multiple inflation levels. CT ventilation 

images were more similar to 3He MR ventilation images that were acquired at TLC than at FRC+1L, 

with significantly higher DSCs between ventilation masks generated from the different modalities 

when MR images were acquired at TLC. 3He MRI exhibited increased and more homogenous 

ventilation at TLC than FRC+1L, with several ventilation defects observed at FRC+1L either 

completely or partially resolved at TLC. The registration of all images to the TLC CT images in this 

study enabled spatial comparison of ventilation masks generated from the different modalities to 

examine their similarity on a truly regional basis. 

4.1. Breath-hold CT image registration accuracy 

The ‘EMPIRE10_Syn’ pipeline was consistently outperformed by its B-spline analogue. The 

parameters of both scripts were identical with the exception of regularisation methods for the 

deformable stage; ‘EMPIRE10_Syn’ employed Gaussian convolution for regularization whilst 

‘EMPIRE10_BsplineSyn’ employed B-spline functions. These results are in line with that of a 

previous study in the context of brain registration, where the B-spline Syn algorithm was shown to 

yield statistically significant improvements in DSCs compared with the well-known Syn algorithm 

(Tustison and Avants, 2013). Tustison and Avants (2013) have speculated that the improvement 

could be due to the continuous nature of B-spline regularization when compared to the discrete 

approximation offered by Gaussian smoothing. 

A significant improvement in registration accuracy when compared with the developers’ settings was 

shown for the optimised pipeline developed in this study. Although the developers’ settings provided 

excellent results for the EMPIRE10 challenge data, which comprised of a range of data including 

4D-CT and breath-hold, it was not specifically optimised for paired breath-hold CT with extreme 

motion amplitudes. This demonstrates the importance of problem-specific parameterisation for new 

registration applications. 

4.2. Effect of lung inflation state on distribution of ventilation 

Visual evaluation of ventilation-weighted 3He MRI demonstrated increased and more homogenous 

ventilation at TLC when compared with FRC+1L. In several cases, ventilation defects observed at 

FRC+1L resolved completely at TLC. This was confirmed by quantitative results where we observed 

statistically significant improvements in the percent ventilated volumes at the higher inflation state. 

As lung inflation increases, the increased ventilation homogeneity observed may be attributable to 
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airway opening and release of trapped air. Brown and Mitzner (1996) used high resolution CT to 

quantify the effect of lung inflation on airway diameter in canine subjects and observed significant 

increases at increased inflation levels. Thus, airways that were narrowed or closed at FRC+1L could 

have opened at the higher inflation state, resolving some of the ventilation defects, as observed in 

this study.  

 

The results of this study are consistent with other findings suggesting potential bronchodilatory 

effects of deep inspiration (Scichilone and Togias, 2004). Deep inspirations may enable distribution 

of gas to hypoventilated regions affected by narrowed or closed airways. Although a degree of 

ventilation heterogeneity is observed in normal subjects in the form of a vertical gradient due to 

gravity and other effects, these effects are significantly reduced at TLC where much more 

homogenous ventilation is observed (Milic-Emili, 2011). Recent work with multi-inflation 

hyperpolarised gas MRI in healthy subjects and patients with CF has confirmed this hypothesis 

where increased ventilation heterogeneity was observed at the lower lung volumes with the least 

ventilation heterogeneity observed at TLC (Hughes et al., 2018; Smith et al., 2018).These results 

and those observed in the present study suggest that imaging at lower inflation levels is more 

sensitive at detecting ventilation defects and may be more appropriate to use in routine clinical 

practice. Notwithstanding, we do believe that there may be a role for multi-inflation hyperpolarised 

gas MR ventilation imaging by providing information on the nature of reversible airway obstruction 

in asthma i.e. it may allow discernment of regions of volume-reversible and non-reversible ventilation 

abnormalities. 

 

Such improvements in ventilation were not observed in this study for all ventilation defects seen, 

demonstrated by the fact that the percent ventilated volume at TLC was still lower than 100%, despite 

exhibiting statistically significant improvements from FRC+1L. As such, numerous defects observed 

at FRC+1L persisted at TLC which we believe to be indicative of less reversible focal airway 

obstruction. Thus, other factors may have a greater impact on the formation of ventilation defects in 

asthma including small and large airway closure due to airway inflammation, obstruction and 

remodelling (Brightling et al., 2012). Importantly, inflammation in the airway smooth muscle bundles 

has been shown to be a key factor contributing to impaired airway dilation of asthmatics during deep 

inspiration (Slats et al., 2007). 

4.3. Impact of 3He MR inflation level on correlation with CT ventilation 

Using DSCs, statistically significant improvements in spatial overlap were observed between CT 

ventilation and 3He MRI acquired at the higher inflation level of TLC. This might be attributable to the 

CT acquisition protocol for this study. As the CT-based surrogates were derived from breath-hold 
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CT acquired at FRC and TLC and thus represent local volume change between these two inflation 

levels, they would more closely depict the distribution of 3He gas at TLC than at FRC+1L. As 

mentioned earlier, imaging at FRC+1L appears to be more sensitive at detecting ventilation defects 

than at TLC and may thus undermine the use of CT ventilation in clinical practice. Whilst we can say 

that CT ventilation derived from TLC and FRC may not provide measures of ventilation which are as 

sensitive as FRC+1L 3He MRI at depicting ventilation defects, we cannot say that this will be the 

case for CT ventilation derived from a different pair of inflation levels. For example, we recently 

demonstrated that CT ventilation maps derived from FRC and FRC+1L show moderate correlations 

with hyperpolarised gas MRI and marked ventilation defects (Tahir et al., 2018). To comprehensively 

answer this question, we require CT acquired at more than two inflation levels (e.g. FRC, FRC+1 

and TLC) in order to compare the ventilation distributions of CT ventilation between e.g. FRC & 

FRC+1L and FRC & TLC to see if there is indeed an increase in ventilation defects with the former. 

Unfortunately, the acquisition of CT at more than 2 inflation levels was outside the scope of the 

current imaging protocol but we hope that such a study can be performed in the near future. 

 

Despite notable similarities between CT ventilation and 3He MRI acquired at TLC, perfect correlation 

was not observed. Visual evaluation demonstrated that some ventilation defects observed on MRI 

were spatially offset on CT (figure 5).  The differences observed between CT and 3He MRI are 

ultimately attributable to the fact that both modalities provide distinct physiologic measurements; CT-

based surrogates of ventilation measure the local change in air volume between two lung inflation 

states, whilst static ventilation-weighted 3He MR images represent a snapshot of the concentration 

of 3He gas within the air in the lungs at a given inflation level. As such, the primary purpose of this 

study was to compare both techniques rather than to validate the CT-based surrogates of ventilation. 

A more appropriate modality to use for the purpose of validation may be a multiple-breath washout 

imaging technique such as that described by Horn et al. (2014a) which uses 3He MRI as the tracer. 

By correcting for T1 decay, RF depolarisation and RF coil sensitivity, this technique has the 

advantage of providing fractional ventilation maps that are fully quantitative. However, this technique 

is not as widely used and requires more complicated breathing manoeuvers for the patient and much 

higher doses of hyperpolarised 3He to match the resolution of static ventilation images. This is 

particular pertinent in the current climax where there is a worldwide paucity of 3He gas. 129Xe is a 

naturally-abundant isotope for hyperpolarised gas MRI and has demonstrated good correlations with 

3He in static lung ventilation and diffusion-weighted MRI (Stewart et al., 2018). We have recently 

compared both gases with CT ventilation imaging in lung cancer patients and demonstrated 

moderately low correlations of CT at the voxel-level against both gases, increasing with larger 

regional analysis, while strong correlations were observed between 3He and 129Xe (Tahir et al., 

2018). Technical developments in the field of multiple-breath washout imaging with 129Xe may pave 

the way for improved comparative studies with CT ventilation imaging. 
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The findings of this study not only imply the importance of careful volumetric control of lung inflation 

for CT ventilation validation studies but also for longitudinal studies to monitor disease progression 

and treatment response. It is, therefore, essential that consistent repeatable breathing manoeuvres 

are employed as variations can alter the ventilation distributions. 

4.4. Study limitations 

This study has several limitations. Firstly, a relatively small number of patients were studied; thus, 

further comprehensive testing on a larger sample size would be beneficial. Nonetheless, we note 

that the increase in ventilation defects observed at FRC+1L compared with TLC and the increased 

spatial correlation of CT ventilation imaging with 3He MRI TLC for both percentiles were observed 

consistently for all subjects studied. Thus, the results are very promising and we believe that it is 

very likely that these results will be observed for a larger cohort. A larger cohort could also facilitate 

reliable subgroup analysis, which may aid in understanding the impact of inflation level on the nature 

and pattern of ventilation defects seen on hyperpolarised gas MR images, across the spectrum of 

asthma disease, and will allow for a greater understanding of whether the correlations observed 

between CT and MRI are reproducible across all subgroups. 

 

Furthermore, this study only included patients with asthma. Thus, caution must be exercised when 

extending these results to other respiratory diseases. For example, although improved airway 

distention at higher lung inflations has been observed in patients with asthma, albeit to a lower 

degree than normal subjects (Jensen et al., 2001), comparisons of the effect of deep-inspiration 

induced changes in airway response between asthma and COPD patients indicate that 

bronchodilatory effects are less effective in the latter disease (Slats et al., 2007). Therefore, a larger 

scale study of the effect of inflation level as measured by 3He MRI and its impact on spatial correlation 

with CT-based ventilation in other respiratory diseases is warranted. Likewise, to further reassure 

that methods are correlated, it would be useful to perform this study in healthy subjects. 

 

Moreover, CT and MRI were performed several days apart (range: 1 to 4 days); it is well known that 

asthma symptoms vary over time (Zhang et al., 2002) and thus the degree of airway narrowing and 

inflammation may have changed between CT and MRI sessions. The present investigation was part 

of a multi-centre study where patients underwent CT in another city than their MRI scans. Four days 

was the maximum achievable time for coordinating and organising such a study. Notwithstanding, 

several patients underwent MRI within a day of CT. To minimise errors associated with 

reproducibility, we did not recruit patients who had been hospitalized or required high-dose (>10mg 

prednisolone/day) OCS therapy within 6 weeks of the screening visit. This would have excluded 
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patients with unstable disease or those who may not have been able to cope with the study 

procedures, thus ensuring that the patients included in the study were more likely to have stable 

disease, with less airflow variability over time. We also note that the reproducibility of 3He MRI 

ventilation distributions in asthma has shown some persistence and reproducibility on the order of a 

few months (de Lange et al., 2009). However, the authors of this work agree that the comparison of 

the two imaging modalities might be more appropriately conducted in subjects with relatively fixed 

ventilation defects such as COPD or stable CF. 

 

Different breath-hold procedures were used for the FRC+1L and TLC 3He MRI acquisitions. For the 

TLC scans, inhalation of room air would increase the time for the 3He gas to ventilate “slow filling” 

regions of the lung and may have contributed to the fewer ventilation defects observed at TLC. In 

previous work with 3D time resolved 3He MRI at breath-hold, we studied the effects of delayed 

ventilation due to diffusion with time and used this effect to assess co-lateral ventilation pathways 

due to emphysema (Marshall et al., 2012). In more recent work, we studied the effect of 3He inflation 

level (TLC and FRC+1L with a similar acquisition protocol to this study) on patients with CF. For that 

study, we also had collateral ventilation performed for the same patients and demonstrated that no 

significant changes in ventilation distributions occur within the timescale of 1-3 seconds. However, 

we appreciate that asthma is a different disease and the effects of delayed ventilation on this 

timescale are yet to be studied in this patient population and higher homogeneity of ventilation 

distribution may occur during the additional time for gas to diffuse within 1-3 s. Although this may 

result in a methodological bias, we believe that this effect is likely to be small. 

 

For determination of ventilated volume, there exists some possibility for erroneous segmentation. 

For CT ventilation segmentation, numerous techniques have been employed in the literature, most 

notably, percentile thresholding. Functional percentile ranges used have included 0-20%, 21-40%, 

41-60%, 61-80%, 81-100% (Castillo et al., 2010) and 21-100% (Kipritidis et al., 2014). Here, we 

employed two percentile ranges and observed that the 10-100th functional percentile range exhibited 

greater correlation with the 3He MRI segmentation than that of the 20-100th range, suggesting that 

spatial correlation between modalities is sensitive to CT ventilation segmentation technique. 

Similarly, with the relative infancy of hyperpolarised gas MRI as a tool to assess pulmonary 

ventilation distribution, no definitive consensus yet exists regarding best practice on segmentation 

and delineation of ventilated volume. In particular, similar to Kirby et al. (2012), we classified regions 

of hypointense signal as part of ventilated volume. This will inevitably lead to reduced defect volumes 

when compared to other groups who classify hypointense signal as a defect. 

 

DSCs provide a measure of overlap between two binary segmentations and do not account for 

subtler differences in the intensity distributions within the boundaries of these segmentations. A more 
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robust method of comparing the images would be to perform voxel-wise spatial correlations as has 

been performed for Galligas PET and CT ventilation images which were acquired on the same 

scanner and were thus inherently co-registered (Kipritidis et al., 2014). However, in this study, no 

strict patient immobilization protocol was observed when acquiring 3He MRI and CT, leading to 

significant postural differences and images were acquired several days apart. Furthermore, 3He MRI 

resolution was significantly lower than that of CT, especially in the z direction (10mm vs. 1mm). The 

CT and MRI registration accuracy, computed via TRE, has previously been assessed for this cohort 

to be on order of > 10 mm (Tahir et al., 2014). As such, these significant differences in acquisition 

settings between CT and MRI precluded us from performing a meaningful voxel-wise correlation. An 

improved acquisition strategy such as that proposed by Ireland et al. (2008) where MRI and CT are 

acquired on the same day with matching subject immobilisation palettes may mitigate these 

limitations. Moreover, recent advancements in MR image acquisition have led to improved resolution 

and image quality of same-breath 3He and 1H MRI (Horn et al., 2014b). 

 

For 3He MRI, patients inhaled the noble gas from a starting point of FRC until they reached the 

desired inflation level. Inhalation from residual volume has been shown to provide different gas 

distributions (Milic-Emili et al., 1966) and may result in different correlations. Similarly, CT breathing 

manoeuvre has been shown to alter the resulting ventilation distribution (Mistry et al., 2013). In this 

study, we did not acquire CT at FRC+1L. Given our findings, we hypothesise that CT acquired at 

FRC and FRC+1L would lead to ventilation surrogates more closely matched to 3He MRI acquired 

at FRC+1L, compared with ventilation computed from CT acquired at FRC and TLC.  

5. Conclusion  

This study demonstrates that comparison of CT ventilation and hyperpolarised gas MRI varies with 

inflation state during gas MRI. If CT is acquired at FRC and TLC, a higher correlation with gas 

ventilation MR imaging can be achieved if the latter is acquired at TLC. This study also provides 

further evidence that ventilation abnormalities are sensitive to inflation level and that imaging at lower 

lung volumes may be more sensitive at depicting ventilation defects. Imaging at multiple inflation 

levels may facilitate discernment of regions of volume-reversible and non-reversible ventilation 

defects. Further work is needed to determine the optimal inflation levels for CT ventilation imaging. 
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