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A texture analysis approach to quantify ventilation
changes in hyperpolarised *He MRI of the rat
lung in an asthma model

Frank Risse®*, Jelena Pesic?, Simon Young® and Lars E. Olsson®“

In preclinical research, allergic asthma is investigated in rats sensitised with the antigen ovalbumin (OVA), followed by a
challenge with aerosolised OVA to induce an inflammatory reaction of the lower airways. This causes diffuse, nonfocal
ventilation defects that lead to heterogeneously distributed signal intensities in hyperpolarised (HP) 3He MR images,
which are difficult to assess directly by diagnostic grading or volumetry. Texture analysis can characterise these
changes and does not require segmentation of the lung structures prior to the analysis. The aim of this work was
to evaluate a texture analysis approach to quantify changes in lung ventilation in HP 3He MRI of OVA-challenged
rats. OVA-challenged animals were treated with two different compound doses to evaluate the sensitivity of the tex-
ture analysis. Four groups were investigated using HP *He MRI at 4.7 T: controls, vehicle-treated, and low- and high-
dose budesonide-treated rats. In addition, broncho-alveolar lavage was performed and the eosinophil cell count was
used as a biological reference marker. First-order texture, geometrical features and features based on second-order
statistics using run-length and grey-level co-occurrence matrices were calculated. In addition, wavelet transforms
were applied to compute first-order statistics on multiple scales. The texture analysis was able to show significant
differences between the control and untreated vehicle groups as well as between the vehicle and treatment groups.
This is in agreement with the findings of the eosinophil cell counts, which were used as a marker for the severity of
inflammation. However, not all features used in the different texture analysis methods could differentiate between

the treatment groups. In conclusion, texture analysis can be used to quantify changes in lung ventilation as mea-

sured with HP

He MRI after therapeutic intervention with budesonide. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

Asthma is the most common chronic respiratory disease and its
prevalence is increasing. The disease is characterised by attacks
of breathlessness and wheezing of varying severity, which are
caused by smooth-muscle constriction of the airways and
bronchial inflammation (1). Although animal models can only
reproduce some aspects of human asthma, e.g. bronchial inflam-
mation and airway remodelling (2,3), they can provide a link
between in vitro experiments and human discovery and develop-
ment trials of novel therapeutic agents. Sensitisation of rodents
with the antigen ovalbumin (OVA), with a subsequent OVA chal-
lenge, is an example of such a model in allergic asthma research
(3,4). OVA induces an inflammatory reaction of the lower airways
(4,5), which causes impaired lung function.

In contrast with "H MRI, hyperpolarised (HP) He MRI of the
lungs provides direct imaging of the airspaces (6,7) and can be
used to assess pulmonary ventilation (8,9) and respiratory dy-
namics (10). It is also a promising tool to study animal models
of lung diseases (9,11). Recently, HP *He MRI has been used to in-
vestigate the effects of asthma on ventilation in small animals
(11-13). Analysis of the acquired images in these studies was
performed by visual inspection and assessment of the type
(fissure defect, lobar defect, etc.), number and lesion area (11),
calculating the number of ventilated voxels before and after
allergen challenge (12), or calculating the fractional ventilation
in each voxel (13). However, a challenge with inhaled OVA
may result in diffuse, nonfocal ventilation defects, which lead

to heterogeneously distributed signal intensities in HP *He MR
images. Therefore, it is difficult to assess changes in ventilation
after therapeutic intervention directly by segmentation or count-
ing. Even a grading of the images may not be possible if only
small differences occur between animals. Furthermore, the addi-
tional use of images acquired before challenge is often not fea-
sible in one imaging session as the maximum effect of the
inflammation occurs after several hours (14). Therefore, two sep-
arate imaging sessions are necessary and the resulting images
need to be registered. In addition, HP *He must be available at
both imaging sessions, which is often not the case when no
hyperpolarisation facility is available on site.
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Texture refers to properties describing the surface or structure
of objects (15). Although no formal definition exists (16,17), the
analysis of texture is of importance in pattern recognition and
image processing (17). It has been used successfully to classify
lung pathologies in computed tomography images (18-21),
where structural changes cause changes in the signal distribu-
tion patterns of the images, and in HP *He MRI, where the
use of the lacunarity provides a more sensitive measure of
emphysema progression than does standard apparent diffusion
coefficient analysis (22). Recently, texture analysis has been ap-
plied directly to HP *He MR images in asthmatic and nonasth-
matic patients. It was shown that some of the calculated
features had a higher diagnostic relevance than clinical standard
spirometry (23).

Texture analysis should also be well suited to quantify changes
in ventilation caused by drug treatment measured with HP *He
MRI, because it can be assumed that the heterogeneity of venti-
lation, and thus the signal pattern, will change on treatment.
Texture analysis can characterise these changes directly and
does not require segmentation of the lung structures. Further-
more, it is not operator dependent and can be executed auto-
matically. The aim of this work was to evaluate a texture
analysis approach to quantify changes in lung ventilation in HP
3He MRI of OVA-challenged rats. OVA-challenged animals were
treated with two different compound doses to evaluate the sen-
sitivity of the texture analysis.

METHODS

Animal preparation and image acquisition

The study was approved by the Gothenburg local ethical com-
mittee on animal experiments. Twenty-four male Brown-Norway
rats (weight, 175-200 g) were divided into four groups contain-
ing six animals each (Table 1). On day 0, the animals were sensi-
tised with a subcutaneous injection of 500 ug OVA absorbed
onto 100 mg aluminium hydroxide in 0.4 mL deionised water
that was administered to each animal at two distinct sites with
approximately 0.2mL per site. On day 14, the rats were chal-
lenged with aerosolised OVA for 15 min. The rats were placed
in groups of up to eight in a polyvinyl chloride inhalation box
during the challenge (internal dimensions, 55x 35 x20cm?).
Two jet nebulisers (Pari LC Jet Star, PariPharma, Munich,
Germany) were filled with 5mL of 10 mg/mL OVA in 0.9% saline
or 0.9% saline alone. Compressed air at 6 L/min flowed through
each nebuliser and the output of the nebulisers was passed into
the box containing the rats.

Table 1. Study groups

Group No. Sensitisation Challenge  Treatment
of rats

Control 6 OVA Saline Veh

OVA/Veh 6 OVA OVA Veh

OVA/Bud 0.1 6 OVA OVA 0.1 mg/kg Bud

OVA/Bud 1.0 6 OVA OVA  1.0mg/kg Bud

Bud, budesonide; OVA, ovalbumin; Veh, vehicle.

Vehicle (Veh) (saline solution, NaCl 9 mg/mL, Fresenius Kabi,
Oslo, Norway) or budesonide (Bud) (Sigma-Aldrich, Stockholm,
Sweden) was administered intratracheally using a metal cannula
with a bulb-formed head. The rats were treated twice daily, one
treatment in the morning and one in the afternoon with 6 h in
between, starting 2 h before the OVA challenge, using a volume
of 0.5 mL/kg with a Bud concentration of either 0.1 mg/kg (OVA/
Bud 0.1) or 1 mg/kg (OVA/Bud 1.0).

The imaging experiments were performed 48 h after OVA chal-
lenge. The animals were anaesthetised with 90 mg/kg ketamine
(Ketalar, Pfizer AB, Sollentuna, Sweden) and 10 mg/kg intraperi-
toneal xylazine (Rompun, Bayer AB, Goteborg, Sweden). A tra-
cheal intubation was performed using an intravenous catheter
(BD Venflon, Becton Dickinson, 20 GA, Infusion Therapy AB,
Helsingborg, Sweden) as tracheal tube. In addition, 0.1 mg/kg in-
traperitoneal pancuronium (Pavulon, Organon, Teknika, Boxtel,
the Netherlands) was administered as muscle relaxant. The ani-
mals were sacrificed immediately after the experiments using
0.5mL pentobarbitone sodium (60 mg/mL, Apoteksbolaget,
Solna, Sweden). Imaging was performed on a BioSpec 47/40
4.7-T MR scanner (Bruker BioSpin, Ettlingen, Germany)
equipped with a BGA12 gradient insert (maximum strength,
400 mT/m, @=120mm) and a double-tuned 'H (linear) and
*He (quadrature) transmit/receive coil (&=72mm). The scanner
was equipped with an animal bed with a fluid-based heating sys-
tem driven by a thermostat-controlled pump (Haake DC 10,
Thermo Electron Corporation, Philadelphia, PA, USA), which pre-
vented the animals from cooling down during imaging. The HP
3He images were acquired in three breath-holds using a three-
dimensional fast low-angle shot pulse sequence with TE=1.0ms,
TR=2.4ms, flip angle of 3.5°, bandwidth of 75 kHz, field of view
of 50x 30 x 36 mm?> and a matrix size of 96 x 96 x 24.

A small-animal ventilator system dedicated for HP *He was
used during the experiment (24). The ventilator was connected
to pressurised air and was controlled by a computer running
Windows XP (Microsoft Inc., Redmond, WA, USA). Nitrogen gas
and a vacuum pump for rinsing the system were also connected.
During the animal experiment, HP *He was temporarily stored in
a Tedlar bag located in a box inside the magnet. Under normal
conditions, the animal was set to breathe air with a respiratory
rate of 60-70/min at a tidal volume of 2-2.5 mL. For *He image
acquisition, the ventilator was set to *He delivery and the images
were acquired in segments in three different respiratory cycles of
approximately 2s, each with a 1.2-s breath-hold. Linear k-space
acquisition was performed and the k-space centre was acquired
during the middle of the second breath-hold. The acquisition of
the images was preceded by one additional breathing cycle of
3He gas in order to improve the signal-to-noise ratio. The peak
inspiration pressure was kept constant at P=15mbar and the
tidal volume was allowed to change, ensuring similarly inflated
lungs independent of the degree of oedema.

A broncho-alveolar lavage (BAL) was performed after imaging
to collect inflammatory cells. The number of eosinophils in the
BAL fluid was counted and used as reference for the texture
analysis.

Image preprocessing

All image processing methods were implemented in Interactive
Data Language (IDL 6.3, ITT Visual Solutions, Boulder, CO, USA)
and were run without user interaction.
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A threshold needs to be applied to remove image back-
ground, which would otherwise be included in the computation
of textural features. This was performed using the maximum en-
tropy threshold method (25), which is an algorithm to determine
the position of the maximum entropy in the image histogram in
order to set an optimal threshold. It should be noted that venti-
lation defects in HP *He MRI have a very low signal-to-noise ratio
and may also be removed when the threshold is applied.

The second preprocessing step applies only to the calculation
of second-order features as described below. Both methods used
rely on local grey-level similarities. However, the original 16-bit
signed data format of the MR images has a grey-level range from
0 to 32768 and therefore a very low probability of finding an ad-
equate number of voxels with the same value. To reduce the
number of grey levels, image binning s =floor[smax(i — imin)/(imax —
imin)] Was used to reduce the grey-level range to 64 values. s is
the scaled intensity, Smayx is the maximum of the scaled image in-
tensity (here sma.x=64), i is the image intensity, imin is the mini-
mum intensity and i,y is the maximum intensity.

Feature extraction

First- and second-order statistical textural features and geomet-
rical features were calculated to quantify the ventilation defects.
First-order features were derived directly from the images after
the removal of background. Second-order features were calcu-
lated on the basis of co-occurrence or run-length matrices after
image binning.

First-order statistics and geometrical features

First-order features represent the distribution of grey levels in
the images, e.g. mean, standard deviation and entropy (18). A list
of all first-order statistical features used and their definitions is
given in Table 2. In addition, simple geometrical features, such
as volume and surface area to volume ratio, were calculated. It
can be expected that nonventilated regions, which are removed
in the first preprocessing step, will lead to a reduced total venti-
lated lung volume and an increased lung surface as a result of
holes and irregularities.

Run length

The use of run length or primitive length to describe image tex-
ture was introduced by Galloway (26). Starting from a voxel with
a certain grey level s, a run will continue in the direction ¢ as

long as the voxels along this direction have the same grey level
s, i.e. the run will stop as soon as a different grey level is reached.
The detected image element is called a primitive, which can be
described by its grey level, length and direction (15). Coarse tex-
tures are therefore characterised by long primitives and fine tex-
tures by shorter primitives.

For computational efficiency, each run was performed in the
positive and negative direction at the same time, i.e. in the direc-
tion ¢ and in the direction of its negative supplementary angle
¢ -180°. Voxels that already contributed to a primitive in direc-
tion ¢; were excluded from any other run in the same direction.
Therefore, one particular voxel can only belong to one particular
primitive per direction. All diagonal run lengths were multiplied
by /2 as proposed by Galloway (26).

A matrix Ry, = [rs Ik ., where K'is the number of grey levels and L
is the maximum run length, containing the number of primitives
with length /and grey level s, was computed for each ¢. The total
number of runs in a three-dimensional (M x N x Z) image is then:

| M=

R=3%Ry, =
" [

LM

r(s, 1) (1]

s=1 |=

The run lengths were calculated in four directions, ¢ =[0°, 45°,
90°, 135°], and the maximum run length was restricted to
L=16 mm. Each run length r(s,/) was sorted into the matrix R
according to its physical length, and all directions were consid-
ered as being equivalent. A list with all features calculated on
the basis of the run-length matrix R can be found in Table 3
(15,26). The features were normalised to the mean run length
to make them scale independent.

Co-occurrence matrices

Grey-level co-occurrence matrices (GLCMs) are based on second-
order statistics (17). They represent the spatial relationship of
grey-level pairs in an image, i.e. the frequency of occurrence of
pairs of grey levels with a certain distance between them along
a certain direction (17). Formally, a GLCM of an MxN image
can be described as a matrix of relative frequencies P ,(s1,5,)
(15)

P¢~d(s1752) = |[(I7J)’ (m,n)}eD ti-m = 07 U—l’l| = d7 f(’:])
=s5,f(m,n) = 5|, [2]

where |...| refers to cardinality, ¢ to the direction or angle in
degrees, d to the distance and D= (M X N) X (M x N).

Table 2. First-order statistical and geometrical features

Number of voxels N

Lung volume V

Mean signal intensity (or grey level) /
Coefficient of variation CV

Entropy H

Uniformity U
Surface S/V

Number of voxels in the ventilated lung

V=N X voxel size

I = 2ok

v==3p

H = -5 p(ik)log,p(ix)

plix) is the probability density of all grey levels i in the image
U =353l

Surface area of the ventilated lungs normalised to V
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Table 3. Run-length features

K L
Short primitives emphasis SPE = % > 3 r(iz’ /)
s=11=1
K
Long primitives emphasis LPE=%3 3 r(s, )P
s=1/=
K L 2
Grey-level uniformity GLU=123 |3 r(s, l)}
s=1 |I=

Primitive length uniformity

Primitive percentage

GLCMs can be computed in two or three dimensions. Here,
only two dimensions were used because of the distinctly lower
spatial resolution in the third dimension. Therefore, only four
directions ¢ =[0° 45°, 90°, 135°] and 12 distances ranging from
0.23 to 30 mm were used to compute the GLCM. It should be
noted that, in the literature, sometimes eight directions are
denoted when two-dimensional GLCMs are computed. This is
because the ‘negative’ direction along ¢ is counted as an extra
direction. However, because of the matrix symmetry of P, 4(s1,5,),
both directions will cover the same information and are there-
fore not counted twice here. Each entry in the GLCM was normal-
ised to the total number of paired occurrences. Textural features
were derived from the GLCM according to refs. (15,16). A com-
plete list of the derived features is given in Table 4.

Multi-scale first-order statistics (wavelets)

Wavelets can be used to represent functions by dilations and
translations of a mother wavelet, similar to the Fourier transform,
where cosine and sine functions are used. The main difference is
that wavelets are ‘local’ in the space (image) domain and fre-
quency domain, i.e. a change in the frequency domain leads to

a localised change in the image domain, whereas a change in
the frequency domain would affect the entire image domain
when a Fourier transform is used. Wavelet transform is mainly
applied in image compression, but has also been employed suc-
cessfully in texture analysis (27). In contrast with the run-length
and GLCM features, which are restricted to a single scale and a
relatively small neighbourhood, wavelet features work on multi-
ple scales and can assess texture patterns in larger neighbour-
hoods (28).

An efficient way of computing the wavelet transform is the
discrete wavelet transform (DWT), where dilations and transla-
tions are based on the power of two (29). In the standard ap-
proach, the image is decomposed in sub-bands (or subimages)
by filtering and downsampling. The resulting subimages contain
information on specific levels (scales) and orientations. Textural
features can be calculated directly on the basis of the resulting
subimages and will represent image properties at different
scales and in different directions.

In the DWT described above, the next level is always com-
puted from the so-called approximation subimage, which corre-
sponds to coarse level coefficients, and the features of all
subimages are analysed, leading to a large number of features.
Chang and Kuo (27) introduced texture analysis with tree-
structured DWT, in which only the subimage with the highest en-
ergy content Egp,

Esub = ﬁzﬁ”;} 50 i(x,y) (3]
is used for further analysis, where M x N is the image matrix size
and i is the signal intensity. This reduces the number of features
considerably. The number of levels here was set to four to avoid
subimages that were too small and unstable results. The mother
wavelet used for the DWT was a second-order Debauchies wave-
let, and zero-filling was applied to achieve image dimensions the
size of the next greatest power of two. The DWT was performed
directly on the original images, i.e. no binning was carried out.

Table 4. Grey-level co-occurrence matrix (GLCM) features
Energy

Entropy

Maximum probability
Contrast

k=2,A=1
IDM =

Inverse difference moment

k=2,A=1

E :s§52 Pi(d(.ﬁ s Sz)
Hco 251252 P¢‘d(51 s 52) |Og (P¢1d(51 s Sz))
Pmax = Max P¢,d(51 5 52)

51,52

— o |%pA
C_s1z,sz|51 52} P¢,d(51752)

K
S$1,521%5) |51 -5, }

P} 4(s1,52)

> [(5152)/"4,.4(51 ~52)}—quy
r = 2

Correlation

00y

UXZZS1ZP¢Ad(517$2) 0x:§(51_l"x)2522p¢,d<51752)

5105

W =353 Pgd(s1,52) o, =3 (Sz—uy>2 z Pya(s1,52)

205 5
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Statistics

All statistical calculations, including the results of all animals used,
were performed with Prism 4 for Windows (GraphPad Software
Inc., La Jolla, CA, USA) using one-way analysis of variance (ANOVA)
with Dunnett’s multiple comparison test against the Veh group as
post-test. The different textural features were also correlated
with the number of eosinophils from the BAL procedure using
Pearson’s linear correlation. p <0.05 was defined as significant.

RESULTS

Figure 1 shows typical example slices from one control and three
OVA-challenged animals. The control animals showed a rela-
tively homogeneous distribution of *He in the lungs, where the
low signal in the central lung regions mostly corresponds to ma-
jor blood vessels. However, some regions may also be caused by
inflammation unrelated to OVA as Brown-Norway rats are prone
to underlying lung inflammation. In contrast with the controls,
the OVA-challenged and Veh-treated (OVA/Veh) animals showed
a heterogeneously distributed signal and focal regions with a
very low signal. This was also seen, although to a lesser extent,
in the OVA/Bud 0.1 group. The high-dose Bud-treated (OVA/
Bud 1.0) group showed clearly delineated lungs with a homoge-
neous signal distribution.

The number of eosinophils in the OVA/Veh group was in-
creased significantly relative to that in the control group (24-fold,
p <0.001). The number of eosinophils in the Bud-treated groups
was reduced two-fold (p<0.05) for the low-dose and 14-fold
(p <0.001) for the high-dose groups relative to the Veh-treated
group (Fig. 2).

Texture analysis was performed to quantify the differences
between the groups. The calculation of all textural features in
a three-dimensional dataset of one animal took approxi-
mately 1 min on a conventional personal computer (Intel P4,
3.6 GHz, 2GB RAM, Windows XP). All geometrical and first-
order statistical features, except the mean intensity, showed

d)

Figure 1. Example images of the lung ventilation as acquired with
hyperpolarised (HP) 3He MRI in the four study groups: (a) control; (b) ve-
hicle-treated group; (c) low-dose budesonide group; (d) high-dose bude-
sonide group.
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Figure 2. Comparison of the groups using the number of eosinophils
collected with broncho-alveolar lavage. The control (CTRL) and both
treatment groups are significantly different from the vehicle-treated
group [one-way analysis of variance (ANOVA) with Dunett’s multiple com-
parison test: ***p <0.001, **p <0.01]. Bud, budesonide; OVA, ovalbumin;
Veh, vehicle.

significant differences between the OVA/Veh group and the
control and OVA/Bud 1.0 groups. Only the surface area/vol-
ume ratio showed a significant difference between the
OVA/Veh and the OVA/Bud 0.1 group, which was also found
in the cell counts (Fig. 3).

Figure 4 shows the comparison between the groups using the
results from short primitive emphasis and the primitive percent-
age features as examples for the run-length methods, as all fea-
tures revealed the same significance levels. All run-length
features found highly significant differences between the OVA/
Veh group and the control and OVA/Bud 1.0 groups. However,
no significant differences were seen when the low-dose OVA/
Bud 0.1 group was compared with the OVA/Veh group.

The GLCM calculation results in 288 features that describe the
texture of the images (four directionsx 12 distances x six fea-
tures), too many for a comparison of the study groups. The fea-
ture information was therefore summarised in two steps: (i) the
feature mean value over the four directions was calculated for
each distance; this results in a distribution of the features over
the distances; (ii) the resulting distribution was then charac-
terised by its mean and skewness to determine whether shorter
or longer distances were dominant. Figure 5 shows the results of
the group comparison for the energy feature. All GLCM features
are summarised in Fig. 6 by showing the mean differences be-
tween the OVA/Veh group and the other groups for each feature,
including their significance levels. Only the contrast feature did
not show significant differences between the OVA/Veh group
and all other groups when characterised by the mean of the
distribution. The other GLCM features revealed differences at
least for the control and OVA/Bud 1.0 groups. Higher signifi-
cance levels were generally found with the GLCM when the fea-
ture distribution was characterised by its skewness. Even the
contrast feature showed significant differences for all groups,
whereas the maximum probability pma.x did not reveal signifi-
cant differences.

The DWT-based features showed very similar results for all
evaluated sub-bands, i.e. those with the highest energy content.
They all revealed significant differences between the OVA/Veh
group and the other groups. An example is shown in Fig. 7.

The linear correlation between the eosinophil counts as refer-
ence and the textural features across the measurements of all
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Figure 3. Comparison of the control (CTRL) and budesonide-treated groups with the vehicle-treated group using geometrical and first-order statistical
features. Top row (left to right): ventilated lung volume, mean signal intensity and entropy. Bottom row (left to right): surface area normalised to the
ventilated lung volume, coefficient of variation and uniformity. Statistical comparisons are with the OVA/Veh group using one-way analysis of variance
(ANOVA) with Dunett’s multiple comparison test: ***p <0.001, **p <0.01, *p < 0.05. Bud, budesonide; OVA, ovalbumin; Veh, vehicle.
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Figure 4. Comparison of the control (CTRL) and budesonide-treated groups with the vehicle-treated group using run-length features: (a) short prim-
itive emphasis (SPE); (b) primitive percentage (PP). Statistical comparisons are with the OVA/Veh group using one-way analysis of variance (ANOVA)
with Dunett’s multiple comparison test: ***p < 0.001. Bud, budesonide; OVA, ovalbumin; Veh, vehicle.

animals, including the control group, resulted in correlations Overall, the DWT-based features showed a moderate correlation
of r=082 (p<0.0001) for the surface area/volume ratio and  f r=0.66 (p<0.001). Two examples of the correlation between

r=-0.76 (p<0.0001) for the lung volume. The correlation  features and the number of eosinophils are shown in Fig. 8.
coefficients of the first-order features were in an absolute range

of |r|=0.74-0.79 (p <0.0001), where the entropy and uniformity

had a negative correlation. Only the signal mean showed aweak  DISCUSSION

negative correlation of r=-0.46 (p < 0.05), which was outside this

range. The run-length features revealed a negative correlation  This study demonstrates the feasibility of assessing changes
between r=-0.70 and r=-0.79 (p<0.001), with the exception  in lung ventilation in allergic Brown-Norway rats after treat-
of the short primitive emphasis with r=0.73 (p<0.0001). Most  ment with a corticosteroid using texture analysis of HP He
of the GLCM features showed moderate to good correlation in MR images. This method allows the quantification of ventila-
the range of |r]=0.65-0.80 (p <0.001). However, no correlation  tion images with nonfocal ventilation defects caused by an in-
between the eosinophil cell count and the textural features haled antigen, which is not possible with segmentation
was found for two features: the maximum probability feature,  techniques and very difficult when image grading is used. Fur-
when characterised by the skewness of its feature distribution, thermore, it is time efficient and requires no user interaction,
and the contrast feature, when characterised by the mean of  and should therefore lead to a higher reproducibility than man-
its feature distribution. ual or semi-automatic segmentation, as used in earlier studies
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Figure 5. Comparison of the control (CTRL) and budesonide-treated groups with the vehicle-treated group using grey-level co-occurrence matrix
(GLCM) features: (a) mean of the energy distribution of 12 distances; (b) skewness of the same energy distribution. Statistical comparisons are with
the OVA/Veh group using one-way analysis of variance (ANOVA) with Dunett’s multiple comparison test: ***p <0.001, **p <0.01, *p <0.05. Bud,
budesonide; OVA, ovalbumin; Veh, vehicle.
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Figure 6. Mean differences between the vehicle (OVA/Veh) groups and the control (CTRL) and budesonide-treated groups calculated as: (a) the mean
of the feature distribution over 12 distances; (b) skewness of the feature distribution (see Table 4 for an explanation of the abbreviations). The mean
difference in the correlation r between the groups was zero for the mean of the feature distribution. Note the intercept and the different scale for
the correlation r in (b). Statistical comparisons are with the OVA/Veh group using one-way analysis of variance (ANOVA) with Dunett’s multiple com-
parison test: ***p <0.001, **p < 0.01, *p < 0.05. Bud, budesonide; OVA, ovalbumin; Veh, vehicle.

with focal, clearly identifiable defects in a lipopolysaccharide
model (9,30).

Nonfocal or diffuse ventilation defects were found in our
study, which have not been described previously in the allergic
Brown-Norway rat asthma model. In contrast, relatively clearly
defined lesions have been described in previous studies using
OVA for sensitisation and challenge in rats (31,32). The major dif-
ference is the use of T;-weighted 'H MRI in these studies. There-
fore, changes in ventilation are not detected directly, but rather
by the appearance of oedema in the lungs. Furthermore, the ad-
ministration of the OVA challenge was different, which may also
have led to a different appearance of the inflammation. Beck-
mann et al. (31) used an OVA instillation, which may account

for the more focal lesions. Ble et al. (32) administered the OVA
challenge intranasally after an intraperitoneal sensitisation in
mice, which is also more similar to an instillation.

Four different feature classes were used to analyse the images.
Most of the features used revealed significant differences be-
tween the Veh, i.e. untreated, group and both the control and
Bud-treated groups, which is in agreement with the number of
eosinophils recovered by the BAL fluid as reference measure-
ment. However, relative differences between the Veh and other
groups are not directly comparable between the cell counts
and the image features. The number of eosinophils represents
a surrogate measure for the severity of inflammation on a cellu-
lar level, whereas the image features characterise different image
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properties or changed ventilation on a more macroscopic level.
This may also explain the variations in the performance of the
texture analysis methods and their features in identifying differ-
ences between the groups.

The geometrical features, which are not, strictly speaking, tex-
tural features, were assumed to be a simple measure of the ap-
pearance of the lungs, i.e. size, shape regularity and number of
nonventilated regions. The surface area/lung volume feature,
which is related to the counting of ventilation defects, revealed
significant differences even between the Veh (OVA/Veh) and
low-dose Bud (OVA/Bud 0.1) group on the same significance
levels as the cell counts. The feature represents the total surface
area, including the inner surfaces, normalised to the ventilated
lung volume. It can be assumed that a healthy lung has a lower
surface/volume ratio (like a sphere) than a lung with ventilation
defects, which better resembles a sponge. No significant differ-
ence in lung volume was shown between the OVA/Veh group
and the OVA/Bud 0.1 group. This is probably because plasma
leakage was not entirely inhibited at the low steroid dose, and
therefore some animals showed reduced ventilated lung
volumes similar to the Veh group. Furthermore, both groups
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Figure 7. Comparison of the control (CTRL) and budesonide-treated
groups with the vehicle-treated group using the mean signal values of
the sub-image with the highest information content on the first level of
the discrete wavelet transform (DWT). Statistical comparisons are with
the OVA/Veh group using one-way analysis of variance (ANOVA) with
Dunett’s multiple comparison test: ***p<0.001, **p<0.01, *p<0.05.
Bud, budesonide; OVA, ovalbumin; Veh, vehicle.
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showed relatively high standard deviations, making the lung vol-
ume less sensitive to changes between the groups.

In general, the first-order statistics features showed significant
differences only between the OVA/Veh and the control and
high-dose Bud (OVA/Bud 1.0) groups. The mean signal intensity
revealed no significant difference between any of the groups.
All of these features are based on the intensity histogram rather
than directly on image structures. The coefficient of variation, en-
tropy and uniformity are related to the homogeneity of the im-
age intensity, and thus also to the homogeneity of lung ventila-
tion, which is expected to decrease with increasing severity of
inflammation in the OVA model. The coefficient of variation
has already been used successfully to describe heterogeneously
distributed signals in pulmonary perfusion MRI (33).

The run-length method describes directly the structural prop-
erties of the ventilation images and is related to the extent of the
ventilation defects. Healthy lungs should show relatively homo-
geneously distributed ventilation, and therefore longer primi-
tives, than lungs with ventilation defects, which should show a
larger short primitive emphasis. The run-length features showed
significant differences between the OVA/Veh and control groups,
and also between the OVA/Veh and OVA/Bud 1.0 groups. How-
ever, no difference was found between the OVA/Veh and OVA/
Bud 0.1 groups. This lack of sensitivity may be caused by several
effects. It could be caused by the reduction in the number of
grey levels or signal intensities performed with image binning.
Subtle changes in the image texture may be removed by reduc-
ing the grey levels to 64. A larger number of grey levels could
lead to an improved sensitivity, but at the cost of computational
efficiency. Split-and-merge algorithms (18,34), where voxels are
merged on the basis of their image intensity and spatial relation-
ship, may provide a better alternative to the binning approach
used. Another reason could be that a decrease in the severity
of inflammation does not translate directly to improved ventila-
tion, which is thought to increase the homogeneity of the signal
distribution. In this study, the three-dimensional datasets had a
reduced spatial resolution in the z-direction. Isotropic three-
dimensional images could improve the performance of the
run-length method by exploiting the whole image information,
as performed sucessfully in a recent study classifying emphy-
sema on lung computed tomography images (18).

The GLCM method revealed inconsistent results for the evalu-
ated features, e.g. the maximum probability showed significance
when expressed as the mean over all distances, but not when
expressed as the skewness. However, in contrast with the run-
length features, some of the GLCM features found significant

2 4 6 8 10
Number of eosinophils (x10 8/mi)

b)

Figure 8. Linear correlation between the surface area/volume ratio (a) and the short primitive emphasis (SPE) (b) and the number of eosinophils. The
correlation coefficients are r=0.82 (p <0.0001) (a) and r=0.68 (p=0.0002) (b).
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differences not only between the OVA/Veh and control and
OVA/Bud 1.0 groups, but also between the OVA/Veh and OVA/
Bud 0.1 groups. However, other features did not reveal any sig-
nificant differences between the groups, highlighting the differ-
ent properties of the features. Gotlieb and Kreyszig (17) grouped
the GLCM features as: (i) features expressing visual textural char-
acteristics — energy, contrast and correlation; (ii) features based
on statistics — maximum probability and inverse difference mo-
ment (or homogeneity); and (iii) features based on information
theory — entropy. Features in group (i) are related directly to
the visual appearance of the image and thus also to the changes
in lung ventilation, whereas the other two groups are based
on more theoretical measures: for example, a large inverse differ-
ence moment is related to a homogeneous ventilation, whereas
the entropy will increase with the heterogeneity of the ventila-
tion. However, the GLCM features do not describe exactly the
same characteristics as the first-order statistical features with
the same names, as they are based on second-order statistics
considering the spatial relationship between the voxels. In the
example of the maximum probability feature pyay it describes
the probability for a co-occurrence of a grey level at a certain dis-
tance, i.e. it describes how coarse is the texture. Different dis-
tances were investigated herein and the probabilities for these
distances are summarised using their distribution. It is very un-
likely that the shape (skewness) of the distribution will change
with the change in texture, but the mean value should change
when the coarseness of the texture changes. Therefore, only
the mean value reveals significant differences in this example.

The GLCM is implemented in two dimensions only and a
three-dimensional implementation did not show better results,
in contrast with Xu et al. (18). However, their three-dimensional
GLCM was used to classify multi-detector computed tomogra-
phy lung images with high spatial resolution in all three direc-
tions. Furthermore, the GLCM and its features are computed in
four directions in the image plane, but only the sum matrix of
all directions was used in the evaluation in order to reduce the
number of features. The distances were also not optimised for
the underlying texture. Optimised distances with higher weights
on certain distance ranges could therefore lead to improved
results (18). Moreover, the features from the different distances
were summarised and expressed as the mean and skewness of
the resulting distribution, which may lead to a poorer perfor-
mance and make it more difficult to interpret the GLCM features.
Thus, the GLCM method can provide additional information or
support results from other features, but there is, in contrast with
the other methods, no straightforward relationship with the un-
derlying biological changes.

The results from both feature classes using second-order sta-
tistics, namely run length and GLCM, may be affected by the
threshold applied to the images in order to remove the image
background. Severe ventilation defects appear in the same
grey-level range as background. Therefore, they are also treated
as background and not included in the analysis. However, this
applies more to the run-length than to the GLCM features. No
run length was measured in these severe defect areas, whereas
the GLCM takes background voxels indirectly into account as it
cannot find a corresponding voxel in background areas. The tex-
ture analysis using run-length and GLCM features could be im-
proved by defining the lung borders, e.g. by combining 'H and
3He information, if available, or the segmentation methods used
by Tustison et al. (23), and applying the run-length and GLCM
methods only in the defined lung regions but including all

grey levels. However, an automatic segmentation of the
lungs is not trivial as ventilation defects often occur at the
lung borders, which makes the correct definition of the lung
outlines challenging.

The wavelet analysis works directly on the original images and
on different levels, which should be beneficial as texture is
strongly scale dependent (15,27). The mean value of the selected
sub-images revealed significant differences for all groups on all
levels used. Further studies with larger numbers of animals per
group are needed to evaluate whether all levels are required.
The DWT analysis was performed using a tree-structured DWT
approach proposed by Chang and Kuo (27). Only the sub-image
with the highest energy content is chosen for the image statis-
tics on each level as this sub-image should contain the most rel-
evant information. However, it should be investigated in detail
whether the conventional DWT could deliver better results by
avoiding the selection, despite the larger number of features to
be evaluated. Further improvement may be feasible by optimis-
ing the choice of the wavelet. Only the second-order Debauchies
wavelet was used here.

Considering only the textural features that revealed a signifi-
cant difference between the groups, moderate to good correla-
tions between these features and the eosinophil cell count,
which is a measure of the severity of inflammation, were found.
The textural features should therefore reflect the severity of the
disease to a certain extent. However, the relationship between
the changes on a cellular level, measured by the cell count,
and the more macroscopic ventilation changes is not likely to
be linear, as can be seen in Fig. 8b. A small number of inflamma-
tory cells probably have no effect on the ventilation, whereas, in
the upper range, the ventilation can only be impaired to a cer-
tain level even if the number of eosinophils is very high. This
can be seen in Fig. 8b, where cell counts above 5x 10%/mL do
not lead to increased short primitive emphasis, i.e. smaller struc-
tures. In addition, oedema could cause ventilation defects in
regions not directly affected by the inflammation. There may
also be a delay between the inflammation severity, as measured
by the cell count, and its manifestation in the acquired images,
thereby impairing the relationship between textural features
and cell counts. Overall, a linear relationship can only be
expected within certain limits, but more experiments are neces-
sary to determine this range. However, it can be demonstrated
that the textural features and the number of inflammatory cells
are not completely unrelated.

In addition to the methods used here, other textural features
have been proposed in the literature and successfully applied
in the analysis of lung images, e.g. lacunarity, a fractal feature,
used on apparent diffusion coefficient maps (22). Future investi-
gations are necessary to evaluate these features for use on HP
3He ventilation images. However, a large number of textural fea-
tures were employed here, and it is very likely that redundancies
between the computed features occurred. It is therefore argu-
able whether all features are necessary to assess differences in
the dose-response between groups. A set of features could be
selected on the basis of the different image characteristics they
describe. In the first-order statistical and geometrical group, S/V
showed the best performance and is easy to interpret. In addi-
tion, a measure of the homogeneity of the intensity distribution,
i.e. the coefficient of variation, entropy or energy, could be cho-
sen, as these are closely related to each other. The same could be
performed for the other texture analysis methods by selecting
features that are based on different characteristics to avoid
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possible redundancies. However, additional studies with a larger
number of animals and different disease models are required to
optimise the choice of textural features further. A better ap-
proach would be the evaluation of the features against a stan-
dard read-out, e.g. against the clinical diagnosis, using mutual
information, as performed by Tustison et al. (23), which was
not feasible because of the diffuse ventilation defects in our
study. Tustison et al. (23) also presented a ranking of the features
used in the same study, which were similar to the features
employed here, demonstrating the relevance of the run-length
and GLCM methods for the analysis of clinical asthma data ac-
quired by HP *He MRI. However, in contrast with the analysis pre-
sented here, regional masks were generated and the resulting
regions were analysed separately.

An advantage of the texture analysis presented here is that no
baseline measurement is necessary to quantify the changes in
ventilation, which simplifies the experimental procedure and
saves expensive HP 3He. In addition, only a single dataset is
needed, thus avoiding the registration of datasets at different
time points. Moreover, this facilitates the quantification of venti-
lation changes in longitudinal studies to assess disease progres-
sion, as it allows comparison of the texture analysis results
directly. An example of such a longitudinal investigation is the
HP 3He MRI study in lipopolysaccharide-challenged mice per-
formed by Olsson et al. (9).

The implemented texture analysis methods could also be used
in the segmentation of lesions in the lung or other organs in MRI
based on texture classification when more focal lesions occur. A
feature space could be created from the calculated features and
k nearest-neighbour, Bayesian or other classifiers could be ap-
plied for feature classification. Another potential application is
the analysis of the heterogeneity of lung perfusion maps in
contrast-enhanced MRI or oxygen-enhanced MRI, especially if
global parameters are not changed as a result of compensation
effects.

CONCLUSIONS

Texture analysis can be used to quantify changes in lung ventila-
tion measured by HP *He MRI after therapeutic intervention with
budesonide. This method enables the analysis of ventilation
images with diffuse ventilation defects that cannot be segmented
or counted directly. In addition, the texture analysis presented
could also be applied to images showing focal ventilation defects,
particularly when focal and diffuse defects occur together. More-
over, it allows HP *He MR images to be analysed in an efficient
manner with no user interaction during processing.
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