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Abstract
Purpose Distinct morphological emphysema phenotypes were
assessed by CT to show characteristic perfusion defect patterns.
Material/Methods Forty-one patients with severe emphysema
(GOLD III/IV) underwent three-dimensional high resolution
computed tomography (3D-HRCT) and contrast-enhanced
magnetic resonance (MR) perfusion. 3D-HRCT data was
visually analyzed for emphysema phenotyping and quantifi-
cation by consensus of three experts in chest-radiology. The
predominant phenotype per segment was categorized as normal,
centrilobular, panlobular or paraseptal. Segmental lung perfu-
sion was visually analyzed using six patterns of pulmonary

perfusion (1-normal; 2-mild homogeneous reduction in perfu-
sion; 3-heterogeneous perfusion without focal defects; 4-
heterogeneous perfusion with focal defects; 5-heterogeneous
absence of perfusion; 6-homogeneous absence of perfusion),
with the extent of the defect given as a percentage.
Results 730 segments were evaluated. CT categorized 566
(78 %) as centrilobular, 159 (22 %) as panlobular and 5
(<1 %) as paraseptal with no normals. Scores with regards to
MR perfusion patterns were: 1–0; 2–0; 3–28 (4 %); 4–425
(58 %); 5–169 (23 %); 6–108 (15 %).

The predominant perfusion pattern matched as follows:
70 % centrilobular emphysema - heterogeneous perfusion
with focal defects (score 4); 42 % panlobular - homogeneous
absence of perfusion (score 5); and 43 % panlobular - hetero-
geneous absence of perfusion (score 6).
Conclusion MR pulmonary perfusion patterns correlate with
the CT phenotype at a segmental level in patients with severe
emphysema.
Key points
• MR perfusion patterns correlate with the CT phenotype in
emphysema.

• Reduction of MR perfusion is associated with loss of lung
parenchyma on CT

• Centrilobular emphysema shows heterogeneous perfusion
reduction while panlobular emphysema shows loss of
perfusion.
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Introduction

Chronic Obstructive Pulmonary Disease (COPD) remains a
major public health problem. It is the fourth leading cause of
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chronic morbidity and mortality in the United States, and is
projected to rank fifth in 2020 in burden of diseases world-
wide [1]. It is widely recognized that COPD is a complex
syndrome with numerous pulmonary and extra-pulmonary
components. Importantly, significant heterogeneity exists with
respect to clinical presentation, physiology, imaging, re-
sponse to therapy, decline in lung function and survival
[2]. Due to variability of the disease accurate phenotyping
is an important step towards guiding clinical application
and research of appropriate therapy in order to improve
quality of life and patient survival.

Pulmonary function tests (PFTs), in particular forced expi-
ratory volume in 1 second (FEV1), FEV1/FVC (forced vital
capacity) and diffusing capacity for carbon monoxide (DLco),
are the main tools used to assess clinical severity of COPD.
PFTs provide a global lung assessment but, as a result, do not
account for the heterogeneous nature of the disease where
there may be significant regional variability. Radiological
imaging, in contrast, has the ability to assess the lung in small
compartments. Computed tomography (CT) is the gold stan-
dard for morphological evaluation of lung tissue in vivo. CT
helps categorize COPD into airway-or emphysema-predomi-
nant phenotypes [3]. Emphysema subtypes within the
emphysema-predominant population can be separated into
centrilobular, panlobular and paraseptal predominant disease.
Although morphological assessment has shown a correlation
with lung function [4–6], whether or not the presence of
specific structural lung abnormalities alone predicts meaning-
ful clinical outcome remains unclear [7, 8]. The pathophysi-
ology of COPD raises questions as to phenotyping the disease
on a purely morphological basis. The relationship between
impaired ventilation as a result of airway obstruction and
parenchymal destruction, with a decrease in lung perfusion
has been well examined. It is known, however, that the distri-
bution of perfusion does not necessarily match morphological
and emphysematous parenchymal changes [9]. Novel thera-
pies, such as volume reduction surgery or endobronchial valve
placement, try to correct this mis-match either at an extra-
anatomical level or at a lobar or segmental level [10–13].
Additional functional information is therefore important in
stratifying these patients prior to therapy. This can be obtained
with lung perfusion imaging. This was originally performed

with nuclear medicine studies, but much higher spatial reso-
lution has been provided by MR perfusion imaging [14].

Recent studies, although generally correlating the degree
of parenchymal destruction with loss of perfusion, have
shown variable concordance between CT morphology and
MR perfusion particularly at a lobar level [15]. In addition,
a number of different patterns of morphological disease and
lung perfusion have been observed, from homogeneous to
markedly heterogeneous. There are no previous studies
investigating perfusion patterns in emphysema and our
question is whether different morphological subtypes of
emphysema are the reason for the varying perfusion pat-
terns with MRI. This leads to our hypothesis that distinct
morphological emphysema phenotypes assessed by CT
show a characteristic perfusion pattern.

Due to the potential variability of disease even within
individual lobes we examined the lung at a segmental level
to decrease the potential for overlap of COPD subtypes.

Materials and Methods

We examined 41 consecutive patients (11 female, 30 male;
mean age 62 +/−6 years, range 51–76) with a clinical diagno-
sis of severe COPD. The bodyMass Index (BMI) of our study
population was 25±4 kg/m2 (range 18–31 kg/m2). Patients
had a smoking history of 51±23 pack years (range 10–120
pack years).

The CT examination was performed as part of a standard
work-up for evaluation prior to surgical or endobronchial treat-
ment. Inclusion criteria were smoking, severe changes in lung
function tests indicative of obstructive disease (GOLD III or IV),
and no evidence of an α1-antitrypsin deficiency. Radiological
diagnosis of emphysema was based on CT analysis. Patients
with the airway-predominant phenotype, lobar atelectasis, a
tumour or pneumonia were not included in this analysis.

CT and MRI examinations were performed on the same
day one to two hours apart.

Data acquisition

3D-HRCT was performed using a 16-row multilple detector
CT (MDCT) scanner (Aquilion 16, Toshiba Medical System

Table 1 Pattern of pulmonary perfusion on MR

Score MR perfusion pattern

1 Normal

2 Mild homogeneous reduction

3 Heterogeneous perfusion

4 Heterogeneous perfusion with focal defects

5 Heterogeneous loss of perfusion

6 Homogeneous loss of perfusion

Table 2 Distribution of emphysema types. No segments without emphy-
sema were found

CT morphology

Type Centrilobular
emphysema

Panlobular
emphysema

Paraseptal
emphysema

Segments 566 159 5

% 78% 22% < 1%
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Corporation, Toshigi, Japan). The examination was performed
during an inspiratory breath-hold in supine position. CT
acquisition parameters were: collimation 1 mm; 120 kV;
300mA; gantry rotation time 0.5 s; pitch 1.43;and large imaging
field. All images were reconstructed using a high frequency
reconstruction algorithm (standard lung kernel) with a slice
thickness of 1 mm and a reconstruction interval of 0.8 mm.
No intravenous contrast medium was administered.

All images were transferred to a standalone personal
computer (PC) via our picture-archiving and communica-
tion system (PACS).

MR examinations were performed in supine position on a
clinical 1.5-T whole-body MR system (Magnetom Symphony;
Siemens Medical Solutions, Erlangen, Germany) with a maxi-
mumgradient strength of 30mT/m and a slew rate of 125 T/m/s.
Two six-channel body phased array coils were placed anterior
and posterior of the patients and used for signal detection. A
time-resolved contrast-enhanced 3D gradient echo pulse se-
quence (TREAT) with generalized auto-calibrating partially
parallel acquisitions (GRAPPA)was applied using the following
imaging parameters: repetition time (TR) 1.9 ms; echo time
(TE) 0.8 ms; flip angle 40°; receiver bandwidth 1220 Hz/
pixel; acceleration factor 2; reference k-space lines for calibra-
tion 20; field of view 480 mm×360 mm; matrix 256×96; slab
thickness 160 mm; 44 partitions; and scan time per 3D dataset
1.5 s. A total of, 20 consecutive datasets were acquired during
one inspiratory breath-hold in coronal orientation, starting with
the beginning of the contrast injection. Gadolinium-DTPA
was injected through the antecubital vein using an automatic
power injector at a rate of 5 mL/s with a dose of 0.1 mmol/kg
body weight followed by a saline flush of 30 mL injected at
the same injection rate.

Image analysis

Evaluation was performed by three experienced chest radiol-
ogists in a consensus reading session. CT and MR images
were evaluated separately and in a random order with the
radiologists blinded to the patient data.

Visual data analysis was performed on the original axial
as well as coronal and sagittal images using the multi-
planar reformation mode on a dedicated viewing station.
The predominant emphysema type was determined for
each lung segment. Categories included normal lung or
emphysematous lung with either centrilobular, panlobular
or paraseptal subtype. Each segment was also graded for
the percentage of emphysematous parenchymal destruction.
Ten segments were assigned for the right lung and eight
for the left.

The MR data was analysed with the use of dedicated lung
perfusion software (MeVIS Pulmo-Software) in original cor-
onal orientation and MPR mode. The images were presented
as colour-coded maps of maximum peak enhancement. The
source perfusion images were used in conjunction for better
visualisation of anatomic landmarks.

Six patterns of pulmonary perfusion were used (Table 1).
The predominant pattern of pulmonary perfusion was
assessed for each lung segment and the segment attributed a
score from 1 to 6. In addition, the extent of the perfusion
deficit was graded in percent for each segment.

Additionally, CT data were assessed for the main
pulmonary artery to aorta ratio and dilatation of the
main pulmonary artery. Measurements were performed
by one reader (experienced chest radiologist) using electronic
callipers.

Table 3 Distribution of perfu-
sion patterns. No segments with
normal perfusion or mild homo-
geneous reduction of perfusion
were found

MR Perfusion

Pattern (score) Heterogeneous
reduction (3)

Heterogeneous reduction
with defects (4)

Heterogeneous
loss (5)

Homogeneous
loss (6)

Segments 28 425 169 108

% 4% 58% 23% 15%

Table 4 Association between emphysema type and perfusion pattern. The distribution of the perfusion pattern within centrilobular and panlobular
emphysema type is given as percentages in brackets

CT Morphology

Centrilobular emphysema Panlobular emphysema Paraseptal emphysema

MR-perfusion Heterogeneous reduction 28 (4.9%) - -

Heterogeneous reduction with focal defects 399 (70.5%) 24 (15.1%) 2

Heterogeneous loss 99 (17.5%) 68 (42.8%) 2

Homogeneous loss 40 (7.1%) 67 (42.1%) 1
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Statistical analysis

A chi-square test was used to test for an association between
CTmorphology and MRI perfusion patterns. Also, chi-square
tests were run separately for each CTseverity score. However,
for up to 60 % of the severity scores there were too few
centrilobular emphysematous changes; thus, no statistical
analysis could be performed. Chi-square tests were performed
for the 61-80 % and 81-100 % severity groups. A kappa test
was used for analysis of the agreement between the degree of
parenchymal destruction (CT severity %) and degree of per-
fusion loss (MR severity %).

Results

A total of 730 segments were evaluated (99 %); eight seg-
ments had to be excluded from evaluation due to atelectasis.
All segments had a degree (>0) of emphysema, with all
patients having moderate to severe emphysema. CT pheno-
typing categorized 566 as centrilobular (78 %), 159 as

panlobular (22 %) and 5 as paraseptal (<1 %) with no normal
cases (Table 2). Scores with regards to MR perfusion patterns
were: 1–0; 2–0; 3–28 (4 %); 4–425 (58 %); 5–169 (23 %);
6–108 (15 %) (Table 3).

The predominant perfusion pattern matched as follows:
70 % of centrilobular emphysema cases demonstrated hetero-
geneous perfusion with focal defects (score 4); 43 % of the
panlobular predominant segments showed inhomogeneous
absence of perfusion (score 5); and 42 % of the panlobular
segments had homogenous absence of perfusion (score 6)
(Table 4).

The overall chi-square test for the association between CT
morphology and MRI perfusion patterns showed a p-value
less than <0.001, indicating a statistically significant associa-
tion. The p value for the CTseverity group 61-80%was 0.014
and for the severity group 81-100 % the p-values was <0.001.

The perfusion pattern in centrilobular emphysema was
predominantly heterogeneous with focal perfusion defects
(60-82 %; Fig. 1) until the severity reached 81-100 % paren-
chymal destruction. At this point there is an even distribution
of perfusion patterns with heterogeneous and homogeneous
loss of perfusion (Fig. 2; Table 5). The overall severity of

Fig. 1 For the segments of the
middle and lower lobes
centrilobular emphysema was
found to be the predominant type
on CT (a), corresponding colour-
coded map of max. peak en-
hancement of MR-perfusion
showed heterogeneous perfusion
with defects as the predominant
pattern (b)

Fig. 2 The apical segment of
both lungs showed centrilobular
emphysema as the predominant
type on CT (arrows) (a), corre-
sponding colour-coded map of
max. peak enhancement of MR-
perfusion showed heterogeneous
loss of perfusion as the predomi-
nant pattern (b)
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disease with panlobular emphysema was almost exclusively
greater than 60 % destruction of the parenchyma, reflecting
the destructive nature of this phenotype. The corresponding
perfusion pattern had a strong predominance towards loss of
perfusion, from 71% up to 94%with increasing parenchymal
destruction (Fig. 3; Table 6). The overall agreement between
the degree of parenchymal destruction (CT severity %) and
degree of perfusion loss (MR severity %) showed a kappa
value of 0.37.

Thirty-eight of 41 patients had a normal main pulmonary
artery diameter and all patients had a normal main pulmonary
artery to aorta ratio. Three patients had enlarged (>30 mm)
main pulmonary arteries (3.1 cm, 3.2 cm and 3.6 cm) despite
normal pulmonary artery to aorta (PA/Aorta) ratios (0.8, 0.9
and 0.8 respectively) (Table 7).

Discussion

In this study CT-based morphological changes in emphysema
patients were matched with theMR perfusion pattern. The key
findings were that 70 % of the centrilobular emphysema cases
demonstrated heterogeneous perfusion with focal defects;
43 % of the panlobular predominant segments showed

heterogeneous absence of perfusion; and 42 % of panlobular
segments had homogeneous absence of perfusion. The p value
between CT morphology and MRI perfusion pattern was
<0.001 indicating a significant relationship between these
two variables.

Quantitative assessment of emphysema by CT imaging
offers an objective measure of parenchymal disease that cor-
relates well with histopathological findings and is predictive
of the degree of expiratory airflow obstruction [4].

Whether or not the presence of specific structural lung
abnormalities (including emphysema, airway wall thickening
and/or bronchiectasis) predict meaningful clinical outcome is
an area of current interest [7, 8]. Increasing emphysema se-
verity as defined by CT has been associated with worse health
status [6] and increased mortality [16]. The National Emphy-
sema Treatment Trial provides the most compelling evidence
supporting distinct CT-based phenotypes in defining an in-
creased risk of mortality in patients with homogeneous em-
physema and impaired FEV1 or diffusing capacity of carbon
monoxide undergoing LVRS, whereas upper lobe–predomi-
nant emphysema and a low post-rehabilitation exercise capac-
ity identify a group of emphysema patients who experience a
mortality and functional benefit from LVRS [17]. These com-
pelling data strongly support that a combination of CT

Table 5 Association between emphysema severity and perfusion pattern. The distribution of the perfusion pattern within centrilobular emphysema type
is given as percentage in brackets

CT severity of centrilobular emphysema

5-20 % 21-40 % 41-60 % 61-80 % 81-100 %

MR-perfusion Heterogeneous reduction 12 (36.4 %) 11 (12.9 %) 3 2 -

Heterogeneous reduction with focal defects 20 (60.6 %) 69 (81.2 %) 142 (82.1 %) 155 (65.1 %) 13 (35.1 %)

Heterogeneous loss 1 4 24 (13.9 %) 58 (24.4 %) 12 (32.4 %)

Homogeneous loss - 1 4 23 (9.7 %) 12 (32.4 %)

Total 33 85 173 238 37

Fig. 3 For the segments of both
lower lobes panlobular
emphysema was found to be the
predominant type on CT (arrows)
(a), corresponding colour-coded
map of max. peak enhancement
of MR-perfusion showed homo-
geneous loss of perfusion
as the predominant pattern
(arrows) (b)
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imaging and, physiological (functional) testing can clearly
impact therapeutic decision making, thus validating its value
for patient phenotyping [2].

Whereas CT provides reliable morphological data, func-
tional lung imaging is the realm of MRI. The use of MRI in
phenotyping, however, remains in its early stages. Morpho-
logical assessment is limited by a poor signal. In one study,
changes in parenchymal signal intensity measured by MRI at
inspiration and expiration correlated with FEV1 (r=0.51)
[18], suggesting it may be useful as a predictor of airflow
obstruction but limited in emphysema phenotyping.

In a recent study, different MRI sequences were compared
to CT for detection of the severity of emphysema and the
leading emphysema type on a lobar level. MRI matched the
CT in half of the cases: the sensitivity for emphysema severity
was 44%, 48% and 41%, and the leading type of emphysema
was 68 %, 55 % and 60 % for T2w-HASTE, T1w-VIBE and
T1w-ce-VIBE, respectively [19]. Given these relatively poor
values, it is clear that non-contrast-enhanced proton MRI is
unlikely to be clinically useful for diagnosis or categorization
of emphysema.

In regions with reduced ventilation, the physiological re-
sponse of hypoxic vasoconstriction occurs [20] leading to re-
duced local pulmonary blood flow (PBF) [21]. The reduction of
the pulmonary vascular bed is related to the severity of paren-
chymal destruction [22]. In patients with severe emphysema a

high agreement between emphysematous destruction on CT
images and perfusion impairment on MR images was found.
However, it has been shown that the distribution of perfusion
does not necessarily match parenchymal destruction. In case of
discrepancies, CT was more likely to give a more severe score
than MRI [15]. In this paper assessment was performed on a
lobar level, which may have affected the evaluation of perfusion
to parenchymal destruction matching. An alternative or addi-
tional hypothesis is that different emphysema phenotypes dem-
onstrate different perfusion patterns.

The perfusion abnormalities in COPD clearly differ from
those caused by vascular obstruction. While wedge-shaped
perfusion defects occur in embolic vascular obstruction, a low
degree of contrast enhancement is generally found in patients
with COPD/emphysema [23, 24]. Furthermore, the peak sig-
nal intensity is usually reduced. These features allow for
relatively easy visual differentiation. In COPD patients the
quantitative evaluation of 3D perfusion showed diffusely de-
creased PBF, mean transit time (MTT) and perfused blood
volume (PBV) and the changes were heterogeneous [25]. It
was suggested that patients with emphysema exhibit hypoxia
as well as destruction of lung parenchyma and fewer alveolar
capillaries. This causes increased pulmonary arterial resis-
tance and, secondary to adaptive processes, pulmonary hyper-
tension and right ventricular dysfunction. Ultimately, this
results in decreased PBF in addition to heterogeneous perfu-
sion and decreased PBV. MTT is determined by the ratio
between PBV and PBF. The results suggested that MTT is
significantly decreased, reflecting a larger degree of decrease
in PBV compared with PBF, with a concomitant increased
heterogeneity of regional PBV. Obviously, accurate quantita-
tive measurements of such regional changes are important for
improved understanding of lung pathophysiology in COPD.
A recent study compared quantitative emphysema CTanalysis
with quantitative perfusion MRI evaluated by one 10-mm
peripheral region of interest (ROI) for each lobe on each slice
[26]. PBFwas negatively correlated to emphysema volume by
the CT data (r=−0.61).

These recent papers have demonstrated correlation of pul-
monary perfusion with emphysema volume, but the question

Table 6 Association between emphysema severity and perfusion pattern. The distribution of the perfusion pattern within panlobular emphysema type is
given as percentage in brackets

CT severity of panlobular emphysema

5-20 % 21-40 % 41-60 % 61-80 % 81-100 %

MR-perfusion Heterogeneous reduction - - - - -

Heterogeneous reduction with focal defects - - 2 16 (29.1 %) 6

Heterogeneous loss - - - 28 (50.9 %) 40 (39.6 %)

Homogeneous loss - - 1 11 (20 %) 55 (54.5 %)

Total - - 3 55 101

Table 7 Main pulmonary artery (PA) and main pulmonary artery to aorta
ratio (PA/Aorta) measurements for assessment of concomitant pulmonary
hypertension. FEV1%pred: Forced expiratory volume in 1 second pre-
dicted. PY: Packyears of smoking. BMI: Body mass index. SD: Standard
deviation

PA Aorta PA/Aorta Age FEV1%pred PY BMI kg/m2

mean 2.6 3.5 0.7 62 35 % 51 25

SD 0.3 0.4 0.1 06 11 % 23 4

max 3.6 4.4 0.9 76 64 % 120 31

min 2.0 2.8 0.6 51 17 % 10 18

median 2.5 3.4 0.7 62 34 % 47 24

Eur Radiol (2015) 25:72–80 77



remains as to whether the differing pathophysiology between
emphysema subtypes leads to variable patterns of perfusion
loss, which can be demonstrated with perfusion MRI. A first
insight into different perfusion patterns in different COPD
phenotypes was recently described [27].

Our results indicate that there is a significant correlation
between segmental perfusion patterns and emphysema phe-
notype (based on the CT severity scores>61 %), with 85 % of
the panlobular emphysema cases demonstrating loss of perfu-
sion rather than heterogeneous perfusion reduction. There is
an overlap of perfusion pattern with some of the severe cases
of centrilobular emphysema, demonstrating another grey area
in phenotyping. It may be possible to further discriminate
overall phenotype by examining the results from adjacent
segments, or all segments in an individual for those cases
where it is not distinguishable. As a limitation, it has to be
mentioned that the study group mainly consisted of patients
with advanced COPD/emphysema.

The results of our study rely on quantitative perfusion map
assessment. There are multiple factors contributing to the
changes in perfusion in COPD. We have, to a large degree,
accounted for regional changes caused by parenchymal
destruction and hypoxic vasoconstriction. Perfusion deficit
caused by pulmonary hypertension is more difficult to
quantify.

Pulmonary hypertension in patients with COPD is a well
recognized comorbidity, potentially defining one of these
phenotypes with distinct effects on cardiopulmonary function
and mortality [28]. Pulmonary hypertension (PHT) is a hemo-
dynamic diagnosis that requires confirmation by right heart
catheterization. The presence of PHT in our patient population
is not known (there were no cases with known PHT). There is
good evidence for surrogate measures of raised pulmonary
artery pressure, however, with the main pulmonary artery
(MPA) diameter and the PA/aorta ratio being assessed as with
CT [29–32]. These measurements can be clinically helpful as
right heart catheterization is invasive and echocardiographic
assessment is unreliable in advanced lung disease [33]. Three
out of 41 patients (7 %) had a dilated MPAwith none having
an elevated PA/aorta ratio. Despite these measurements, evi-
dence suggests that a high proportion of patients (50 – 91 %)
with severe COPD will have PHT [22, 34]. A significant
feature of these studies, however, is the preponderance of mild
pulmonary hypertension even in severe COPD. Of the patients
with advanced disease studied in the National Emphysema
Treatment Trial only 5 % had severe pulmonary hypertension
(pulmonary artery pressure>35 mmHg) [34].

Furthermore, recent studies into the pathogenesis of pul-
monary hypertension [35–38] indicate that vascular dysfunc-
tion, vascular remodelling and pulmonary hypertension oc-
curred early in COPD, independent of hypoxia. They also
suggest that this condition develops early in the course of lung
disease, independent of the degree of parenchymal lung

damage. Even if the perfusion changes seen in our study had
occurred earlier in the disease process, it nonetheless demon-
strates that perfusion pattern correlates with morphological
phenotype and may indicate that the pattern of vascular dys-
function and, therefore, perfusion defect in these individuals
have a use in phenotyping.

The knowledge that vascular changes occur early highlight
the need to study lung perfusion in patients with mild forms of
the disease, to see if it is possible to identify early those
patients who are more likely to develop PHT or a more rapid
parenchymal destruction and who may therefore benefit from
close monitoring and early therapy.

Conclusion

There is an association between the emphysema type andMRI
perfusion pattern at a segmental level. As the degree of
parenchymal destruction increases there is a shift in
emphysema type from centrilobular (predominant and
almost exclusive in the low degree groups) to panlobular,
corresponding with a shift from heterogeneous perfusion re-
duction to loss of perfusion.
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