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Abstract Chronic obstructive pul-
monary disease (COPD) is one of the
leading causes of morbidity and mor-
tality worldwide. COPD is defined by
irreversible airflow obstruction. It is a
heterogeneous disease affecting the
airways (i.e. chronic bronchitis, air-
way collapse), the parenchyma (i.e.
hyperinflation, air trapping and em-
physematous destruction) as well as
the vasculature (i.e. hypoxic vaso-
constriction, rarefication and pulmo-
nary arterial hypertension) with
different severity during the course

Introduction

of the disease. These different aspects
of COPD can be best addressed by
imaging using a combination of mor-
phological and functional techniques.
Three-dimensional high-resolution
computed tomography (3D-HRCT) is
the technique of choice for morpho-
logical imaging of the lung parenchy-
ma and airways. This morphological
information is to be accomplished by
functional information about perfu-
sion, regional lung mechanics, and
ventilation mainly provided by MRI.
The comprehensive diagnostic possi-
bilities of CT complemented by MRI
will allow for a more sensitive detec-
tion, phenotype-driven characteriza-
tion and dedicated therapy monitoring
of COPD as presented in this review.
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Chronic obstructive pulmonary disease (COPD) is one of
the leading causes of morbidity and mortality worldwide.
At present it is the fourth most common cause of death
among adults [1]. COPD is characterized by airflow
limitation that is not fully reversible. The airflow limitation
is usually progressive and associated with an abnormal
inflammatory response of the lung to noxious particles or
gases. It is caused by a mixture of airway obstruction
(obstructive bronchiolitis) and parenchymal destruction
(emphysema), the relative contributions of which are
variable [1]. Chronic bronchitis, or the presence of cough

and sputum production for at least 3 months in each of two
consecutive years, remains a clinically and epidemiologi-
cally useful term. Pulmonary emphysema is a pathological
term and is defined by the American Thoracic Society as an
abnormal permanent enlargement of the air spaces distal to
the terminal bronchiole, accompanied by the destruction of
their walls. In a simplified way, obstructive airflow
limitation leads to air-trapping with subsequent hyperin-
flation and later destruction of the lung parenchyma. For
severity assessment of COPD lung function tests such as
forced expiration volume in one second (FEV;), FEVy/
FVC (forced vital capacity) and diffusing capacity for
carbon monoxide (DLco) are used. However, these are a
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global measure of all changes occurring in COPD. Chronic
hyperinflation impacts on diaphragmatic geometry with
subsequent dysfunction due to dissociation of the breathing
mechanics. The disease also affects the pulmonary arteries:
intimal thickening, smooth muscle hypertrophy and in-
flammation were described finally leading to vascular
remodelling [2]. The direct vascular changes and hyperin-
flation lead to the precapillary type of pulmonary hyper-
tension [3].

This short introduction demonstrates the complex nature
of the disease and the different effects which contribute to
the clinical symptoms. A precise characterization of each
component of the disease is desirable for therapy decisions
and monitoring.

In contrast to spirometry, radiological imaging might
allow for regional assessment of the compartments
involved (i.e. airways, parenchyma and vasculature).
Computed tomography (CT) is a long standing player in
this field, with emphasis on structural imaging of lung
parenchyma and airways. Magnetic resonance imaging
(MRI) of the lung is hampered by several challenges: the
low amount of tissue relates to a small number of protons
leading to low signal; countless air-tissue interfaces cause
substantial susceptibility artifacts as well as respiratory and
cardiac motion [4]. The strength of the technique is the
assessment of function like perfusion, ventilation and
respiratory dynamics. The new diagnostic possibilities of
CT complemented by MRI may enable a more sensitive
detection and phenotype-driven characterization and ther-
apy monitoring of COPD as presented in this review.

Parenchyma
CT

Accurate diagnosis and quantification of pulmonary
emphysema in vivo is important to understand the natural
history, assess the extent of the disease, and monitor
therapy [5]. High-resolution CT (HRCT) is currently the
method of choice for the non-invasive and sensitive
assessment of pathological changes in emphysema and
has been shown to correlate well with pathology [6, 7].
Using modern multislice CT (MSCT) technology the
whole lung can be covered in a high-resolution mode and
thin slice (1 mm or less) during a single breath-hold (3D-
HRCT). Multiplanar reformations allow for easier percep-
tion of the distribution of emphysema.

The role of the distribution of emphysema on CT as a
predictor of mortality is a hot topic and results are
conflicting. One study reported a greater proportion of
emphysema in the lower lung versus the upper lung to be
predictive of mortality [8]. Other studies explored the
influence of the distribution pattern of emphysema on
different lung function parameters. A higher percentage of

emphysema in the core was associated with a higher
reduction in DLco (72=0.45) [9]. The contribution of
emphysema in the core to pulmonary function (with FEV,/
FVC% r=0.66) may be larger than in the rind (»=0.56) [10].

Visual grading of the severity of emphysema showed
less agreement with macroscopic pathology (»=0.4-0.5)
than quantitative CT (r=0.6), the latter being less operator
dependent [11]. Quantitative CT of emphysematous
destruction consists of mean lung density, emphysema
index, low end percentiles and other measures [6, 12—15].
Different thresholds have been investigated in the literature
for thick and thin slices, ranging from -770 HU to -980 HU,
revealing good correlation to pulmonary function test and
pathology [6, 11-13, 15—18]. For thin slices the most often
used threshold was -950 HU. Recently, a threshold of -960
or -970 HU has been suggested for MSCT; however, the
images were reconstructed in an old-fashion HRCT method
using a 10-mm interval gap, missing the chance for a truly
volumetric analysis [15].

Density measurements are affected by technical para-
meters like reconstruction algorithm and slice thickness
[19-21], and for follow-up examinations these parameters
need to be kept constant. It is important to note that the tube
current-time product can be reduced to 30-20 mAs without
significant effects on emphysema quantification [21, 22].

Analysis of expiratory CT scans showed better correla-
tions with pulmonary function test results than inspiratory
scans: emphysema index with FEV, % predicted (*=-0.83 vs
-0.6) [17] and emphysema volume with intrathoracic gas
volume (r=0.88 vs0.83) and residual volume (»=0.93 vs
0.88) [18].

The pure evaluation of the emphysema index can be
improved by an analysis of the hole size, e.g. using dis-
tribution of clusters of emphysematous volumes (Fig. 1)
[18, 23]. Beyond analysis of volume clusters, 3D-HRCT
datasets allow for advanced texture analysis, which might
improve early detection [24], as such 3D textural features
could discriminate the subtle differences between smokers
and non-smokers both with normal lung function tests
[25].

MRI

Proton MRI of the lung is hampered by low signal, which is
even more pronounced in COPD patients as there is loss of
tissue and reduced blood volume (Fig. 1). The extent of
hyperinflation and hypoxic vasoconstriction is directly
associated with the loss of signal [26]. Thus, until now MRI
of the pulmonary parenchyma has only been successfully
applied to diseases with an increase of tissue and signal,
such as pulmonary nodules and masses [27]. While
emphysematous destruction can hardly be diagnosed by a
loss of signal, it is much easier to detect hyperinflation just
by the size or volume of the thorax.
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Fig. 1 Severe panlobular em-
physema in the lower and cen-
trilobular as well as paraseptal
emphysema in the upper lobes.
a 3D-HRCT shows the typical
morphological features of these
subtypes of emphysema. b The
corresponding T1-weighted
axial GRE (VIBE) post-contrast
MR image shows a general
signal loss in the lower lobes on
MRI reflecting destruction of
the parenchyma and rarefication
of the pulmonary vasculature.
Please note the difference in
signal intensity between the
centrilobular and panlobular
emphysema. The colour-coded
overlay of the 3D-HRCT

(¢) shows the size distribution
(cluster) of the emphysematous
areas (large clusters in yellow,
intermediate in purple and small
in blue and green). Colour-
coding of all emphysematous
areas (emphysema index) in the
3D volume (d) illustrates the
heterogeneous distribution
which can be used for planning
locoregional therapies, such as
lung volume reduction surgery

Airways

Several pathological studies have shown that a major site of
airway obstruction in patients with COPD is in airways
smaller than 2 mm internal diameter [28]. The 2 mm
airways are located between the fourth and the 14th
generation of the tracheobronchial tree. Airflow limitation
is closely associated with the severity of luminal occlusion
by inflammatory exudates and thickening of the airway
walls due to remodelling [29]. Severe peripheral airflow
obstruction can also affect the proximal airways from
subsegmental bronchi to trachea. For assessment of
tracheal instability cine acquisitions during continuous
respiration or forced expiration either by CT or MRI are
recommended (Fig. 2) [30, 31].

CT

CT can characterize anatomic details of the lung as small as
200-300 pm, which correspond to approximately the
seventh to nineth bronchial generation [32]. On the basis of
high resolution volumetric datasets, sophisticated post-
processing tools will automatically segment the airways
down to the eighth generation [33]. As a powerful adjunct
to inspiratory scans, expiratory acquisitions reveal changes
in lung attenuation related to air-trapping and pulmonary
blood volume, and illustrate regional volumetric changes

providing deeper insights into local hyperinflation and
expiratory obstruction [18]. Since the severity of emphy-
sema, as evaluated by CT, does not necessarily show a very
good correlation with FEV; [13, 18], small airway disease
appears to contribute more significantly to the airflow
limitation in COPD. Regional air-trapping reflects the
retention of excess gas at any stage of respiration as an
indirect sign of peripheral airway obstruction. It is best
detected on expiratory CT as areas with abnormally low
attenuation [34]. Air-trapping is highly unspecific as it
occurs under physiological conditions as well as in a
variety of lung diseases, including emphysema, bronchiec-
tasis, bronchiolitis obliterans and asthma [35].

Using HRCT images (with 10 mm gap) and visual
assessment, bronchial wall thickness and the extent of
emphysema were the strongest independent determinants of
a decreased FEV, in patients with mild to extensive
emphysema [9]. However, visual assessment of bronchial
wall thickening is highly subjective and poorly reproduci-
ble [36]. Nakano et al. [37] were the first to perform
quantitative measurements of airway wall thickening in
COPD patients and reported a significant correlation
between wall thickness of the apical right upper lobe
bronchus and FEV % predicted. Due to technical limita-
tions of HRCT, neither the generation of the bronchus
measured could be determined nor measurements could be
performed exactly perpendicular to the axis of the bronchus.
The use of curved MPR from 3D-HRCT is a solution to
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Fig. 2 A 56-year-old female
patient suffering from COPD
(FEV=0.961/s, FEV; 39%
predicted). Cine-CT (top) and
cine-MRI (FLASH 2D) (bottom)
acquired during fast forced
expiration (FEV1 manoeuvre)
starting from maximum inspira-
tion (a, ¢) to maximum expira-
tion (b, d) both illustrating the
tracheal collapse

accurately measure airway dimensions regardless of their
course with respect to the transaxial CT scan (Fig. 3) [38].
Such measurements revealed high correlations between
airway luminal area, and to a lesser extend for wall
thickening, with FEV % predicted in patients with COPD.
The correlation actually improved as airway size decreased
from the third (#=0.6 for airway luminal area and »=0.43
for wall thickening) to sixth bronchial generation (»=0.73
and r=0.55, respectively) [38].

As the contributions of parenchymal changes and airway
abnormalities to the overall airflow limitation will vary,
3D-HRCT may become the modality of choice for the
differentiation between parenchymal and airway predomi-
nant disease, so-called phenotyping of COPD.

MRI

High spatial resolution is essential for visualization of the
airways which can be achieved by a 3D volume
1nterpolated gradient echo sequence (VIBE) with a voxel
size of approximately 0.9x0.88x2.5 mm?>. This technique
showed a sensitivity of 79% and a specificity of 98%
regarding visual depiction of bronchiectasis compared with
CT [39]. The intravenous application of contrast material
may improve the diagnostic yield of these T1-weighted
sequences by a clearer delineation of wvessels, hilar
structures and inflammation within the bronchial walls.
By T2- and T2*-weighted sequences, such as HASTE,

MRI has unique capabilities to visualize inflammation,
mucus, edema and fluid collections. The combination of
T2-weighted and ce T1-weighted sequences may be an
attractive alternative for imaging of airway inflammation
without radiation (Figs. 1, 4) [40].

Perfusion

Gas exchange in the lungs is maintained by a balance between
ventilation and perfusion. In patients with COPD, ventilation
is impaired due to airway obstruction and parenchymal
destruction. In regions with reduced ventilation hypoxic
vasoconstriction occurs [41], leading to reduction of local
pulmonary blood flow [42]. The reduction of the pulmonary
vascular bed is related to the severity of parenchymal
destruction [43]; however, the distribution of perfusion does
not necessarily match parenchymal destruction (Fig. 5) [44,
45]. Conventional radionuclide perfusion scintigraphy has
been used to assess these abnormalities, but it has substantial
limitations with respect to spatial and temporal resolution. A
superior technique is SPECT, which is rarely used as it is
rather time-consuming and not routinely applied.

CT

Dynamic CT has been used to estimate arterial, venous,
and capillary transit times as well as capillary flow
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Fig. 3 3D volume rendering of tracheobronchial tree (orange),
centerline (green) with branching points (red) and perpendicular
image of the right upper lobe bronchus

distributions. Various approaches for determining blood
flow and mean transit time have been described [46]. To
date CT perfusion is mainly focused on the visualization of
perfusion defects in pulmonary embolism or the character-
ization of lung tumours. No application in COPD patients
has been reported so far.

MRI

Dynamic image acquisition during and after an intravenous
bolus injection of a contrast agent (gadolinium-DTPA) allows
for acquisition of volumetric perfusion weighted 3D datasets
(FLASH 3D) with a high spatial resolution and the possibility
for multiplanar reformation [47, 48]. In comparison with
radionuclide scintigraphy MR perfusion shows a high
diagnostic accuracy (90-95%) in detecting perfusion abnor-
malities [47]. Lobar and segmental analysis of the perfusion
defects can be achieved [45]. In general, COPD patients with
emphysema exhibit a low degree of contrast enhancement
[49]. The distribution pattern is different from that in vascular
obstruction. In a study with quantitative evaluation of 3D

perfusion in patients with COPD, mean pulmonary blood flow
(PBF), mean transit time (MTT), and pulmonary blood
volume (PBV) were diffusely decreased and the changes were
heterogeneous (Fig. 6) [50]. In expiration the physiological
increase in blood volume is appreciated in normal lungs, while
it remains low in emphysematous areas (Fig. 7).

Hemodynamics

Although pulmonary hypertension and cor pulmonale are
common sequelae of COPD, the direct mechanism remains
unclear [2]. In COPD patients the pulmonary vessels show a
reduced or no capacity for vessel dilatation due to a defect in
synthesis and/or release of nitric oxide. Prior to the onset of
clinical symptoms patients exhibit signs of vascular bed
obstruction and elevated pulmonary artery pressure, includ-
ing pulmonary artery dilatation. Pulmonary hypertension is
most often mild to moderate (mean pulmonary artery
pressure in the range 20-35 mmHg) but it may worsen
markedly during acute exacerbations, sleep and exercise [S1].
Assessment of the pulmonary arterial pressure is necessary
since COPD patients with severe pulmonary hypertension
have a poor prognosis and need adequate treatment
(including vasodilators) [51]. The value of echocardiography
which is routinely used for this purpose is limited since the
acoustic window patients with emphysema is narrow.

CT

Faster MSCT scanners allow for ECG gated acquisition of
the entire thorax. This enables, beside the parenchymal
analysis, evaluation of right ventricular function [52].

Fig. 4 Axial Tl-weighted GRE (VIBE) post-contrast MR image
showing bronchial wall thickening and enhancement within the right
lower lobe (circle)



515

Fig. 5 Coronal CT reformat
(a) and subtracted coronal
contrast-enhanced MR perfusion
image (10-mm MIP) (b), both
acquired during an inspiratory
breath-hold. Severe emphysema
with right lung predominance
and scar tissue of the right lower
lobe on CT correspond to a loss
of perfusion on MRI. A mis-
match is found in the left lower
lung where the perfusion is
more reduced (arrow) than in
the left upper lung which
exhibits a similar moderate
degree of centrilobular
emphysema

Fig. 6 Coronal CT (5-mm MIP)
(a), corresponding T2-weighted
coronal MR image (b) and
ontrast-enhanced MR perfusion
image (30-mm MIP) (c). Pa-
rameter map of quantitative
analysis of MR perfusion shows
the distribution of the pulmona-
ry blood flow (d). Severe em-
physema is nicely demonstrated
on CT and MR with a match of
severe destruction and reduction
of pulmonary perfusion
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Fig. 7 Coronal CT reformat at
maximum inspiration (a) and
maximum expiration (b) pre-
sented as 5-mm minimum
intensity projection (MinIP): air-
trapping in the right and left
lower lung, physiological in-
crease in density in the left
upper lung in expiration. Corre-
sponding subtracted coronal
contrast-enhanced MR perfusion
(10-mm MIP): low perfusion at
inspiration (c¢) with a distinct
increase in particularly in the
left upper lung at expiration (d)

However, the temporal resolution is less than in MRI and
the radiation dose is higher than in non-gated CT scan. No
study has reported CT analysis of right ventricular volumes
or strain in COPD patients, yet.

MRI

Assessment of right ventricular function using MRI by can
be done either by phase contrast flow measurements in the
pulmonary trunk or by short axis cine-acquisition of the
right ventricle [53]. Thus, early changes of the complex
geometry of the right ventricular wall and chamber volume
can be accurately measured. In clinically stable, normoxic
COPD patients the right ventricular wall mass is sig-
nificantly higher compared with healthy volunteers, while
the ejection fraction was unchanged showing the preserved
right ventricular function [53]. The position of the heart is
rotated and shifted to a more vertical position in the
thoracic cavity due to hyperinflation of the lungs, enlarging
the retrosternal space. In COPD patients with hypoxemia,

increased right ventricular volumes, decreased right ven-
tricular function, and impaired left ventricular diastolic
function were found (Fig. 8) [54].

Ventilation

As sufficient gas exchange depends on matched perfusion
and ventilation, assessment of regional ventilation is
important for the diagnosis and evaluation of pulmonary
emphysema. Traditionally regional lung ventilation is
assessed by nuclear medicine examinations. However,
these techniques are hampered by low spatial resolution
and the necessity of inhalation of a radioactive tracer.

CT

To image ventilation in CT a gaseous contrast agent has to be
applied. The most widely used technique is stable, non-
radioactive xenon as it provides similar contrast enhance-
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Fig. 8 Four-chamber view in
diastole (a) and systole (b)
showing wall thickening of the
right myocardium and paradoxic
septal movement during systole
(arrow)

ment as iodine. Regional ventilation is measured from the
time course of cine-CT density change during a multibreath
wash-in and wash-out of xenon gas. Up to now there are no
reports on the clinical use of this technique in COPD patients.

MRI

Visualization of ventilation by MRI is mainly achieved
using either oxygen-enhancement or inhalation of hyper-
polarized gases.

The technique of oxygen-enhanced MRI has been
successfully applied in volunteers. However, only few
studies have successfully applied oxygen-enhanced MRI to
patients with pulmonary diseases in a clinical setting [55].
It was found that the T1 times of the lung parenchyma are
significantly shorter in patients with emphysema [56],
leading to a lower signal intensity with heterogeneous
distribution compared with volunteers [57].

Ohno et al. [55] found that oxygen-enhanced MR showed
that regional changes in ventilation reflected regional lung
function. The maximum mean relative enhancement ratio
correlated with the diffusion capacity for carbon monoxide
(+*=0.83), while the mean slope of relatwe enhancement
was strongly correlated with the FEV, (#2=0.74) and the
maximum mean relative enhancement with the high-
resolution CT emphysema score (r2=0.38) [55]. Oxygen—
enhanced MRI requires no special scanner hardware, is
easy to use and the costs for oxygen are low. However, the
use of high oxygen concentrations (15 I/min) may be risky
in patients with severe COPD.

Over the past decade hyperpolarized noble gas MRI
usmg *Helium and '**Xenon was developed to improve
imaging of pulmonary ventilation. Hehum has become the
most widely used gas for these studies as *Helium provides

higher signal-to-noise ratios than '**Xenon [58]. *Helium
MRI allows for evaluation of static and dynamic gas
distribution as well as airspace dimensions (diffusion-
weighted imaging). The areas with ventilation defects (due
to airway obstruction and emphysema) can not be assessed
by dynamic and dlfﬁlSlOI’l weighted imaging as they rely on
the presence of *Helium. Therefore, they can only provide
limited information on the affected lung regions.

Airflow obstruction leads to a reduced level of *Helium
in the distal lung regions, allowing for sensitive detection
of ventilation abnormalities (Fig. 9) [59]. In healthy
smokers with normal lung function even subtle ventilation
defects were visualized, demonstrating the high sensitivity
of the technique [60]. Volume of ventilated lung areas on

*He-MRI correlated well with vital capacity (#=0.9) and
the amount of non-emphysematous volume on CT (r=0.7)
in patients with severe emphysema following single lung
transplantation [61]. Quantification of ventilatory impair-
ment can be achieved by automatic segmentation of the
lung allowing for precise pre- and post-therapeutic com-
parlson of ventilation [62].

*Helium MRI with high temporal resolution shows the
dynamic distribution of ventilation during continuous
breathing after inhalation of a single breath of *Helium
gas being capable to demonstrate airflow abnormalities
[63, 64]. Homogeneous and fast distribution is regarded as
normal, whereas COPD/emphysema patients show irreg-
ular and delayed patterns with redistribution and air-
trapping [64—66].

The apparent diffusion coefficient (ADC) is a sensitive
measure for the airspace size. COPD patients showed
increased airspace dimensions compared to non-smokers
[67]. ADC images were homogeneous in healthy volun-
teers, but demonstrated regional variations in emphysema
patients. The mean ADCs for emphysema patients
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Fig. 9 Coronal CT reformat (a)
and MR ventilation using hy-
perpolarized *Helium gas (b).
Note only mild emphysema on
CT with preserved ventilation in
the upper lung but reduced
ventilation in left lower and
parts of the right lower lung

(0.452 cm?*/cm) were significantly larger (P<0.002) than
those for volunteers (0.225 cm?/cm) [68].

Respiratory dynamics

Hyperinflation of the lung severely affects diaphragmatic
geometry with subsequent reduction of the mechanical
properties, while the effects on the mechanical advantage
of the neck and rib cage muscles are less pronounced [69].
The common clinical measurements of COPD do not
provide insights into how structural alterations in the lung
lead to dysfunction in the breathing mechanics, although
treatments such as lung volume reduction surgery (LVRS)
are thought to improve lung function by facilitating
breathing mechanics and increasing elastic recoil [70].
The complex interaction between chest wall and dia-
phragmatic motion can be visualized by fluoroscopy. But
this technique is limited by the fact being a projection
technique.

Fig. 10 A 61-year-old female
patient suffering from emphy-
sema (FEV,=0.71/s, FEV, 28%
predicted). Coronal MR images
taken from a dynamic series
acquired during forced expira-
tion reflecting maximum inspi-
ration (a) and expiration (b)
show almost complete lack of
motion (arrows)

CT

Cine-CT can be used to assess respiratory dynamics, but
generally it is limited to a single table position. New
technologies, such as respiratory gated 4D-CT allows for
volumetric analysis of motion. As the clinical benefit is
unclear, the increased radiation exposure does not seem to
be justified for the assessment of COPD.

MRI

Two-dimensional or 3D dynamic MRI is capable to image
chest wall and diaphragmatic motion. For data acquisition
time resolved techniques with a temporal resolution of
100 ms per frame are used (Figs. 2, 10) [71]. In contrast to
normal subjects, patients with emphysema frequently
showed reduced, irregular or asynchronous motion of the
diaphragm and chest wall, with a significant decrease in the
maximum amplitude and the length of apposition of
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the diaphragm [72]. In some patients, the ventral portion of
the hemidiaphragm moved downward while the dorsal part
moved upward like a seesaw [73]. The paradoxical
diaphragmatic motion correlated with hyperinflation,
although severe hyperinflation tended to restrict both
normal and paradoxical diaphragmatic motion [74]. After
lung volume reduction surgery, patients showed improve-
ments in diaphragm and chest wall configuration and
mobility [72].

Conclusion

COPD is a heterogeneous disease affecting different
regions of the lung with different severity during the
course of the disease. The different aspects of COPD need

to be assessed by a combination of morphological and
functional examinations. Three-dimensional HRCT is the
technique of choice for morphological imaging, while MRI
allows for comprehensive functional imaging. Inspiratory
and expiratory 3D-HRCT with volumetric and texture
analysis allows for deeper insights in local hyperinflation
and expiratory obstruction. Three-dimensional HRCT is
also the “gold standard” for non-invasive quantitative
evaluation of airway dimensions. The ability to separate
airway predominant from parenchymal predominant pa-
thology in COPD may provide useful information for
specific therapies. Recent developments in MRI allow for
better visual assessment of the lung morphology. The major
advantage of MRI is the assessment of regional lung
function including perfusion, respiratory dynamics and
ventilation.
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