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Abstract: Pulmonary arterial remodeling has been demonstrated in patients with severe

chronic obstructive pulmonary disease (COPD), but it is not known whether lobar hetero-

geneity of remodeling occurs. Furthermore, the relationship between pulmonary hyper-

tension (PH) and pulmonary arterial remodeling in COPD has not been established.

Muscular pulmonary arterial remodeling in arteries 0.10–0.25 mm in diameter was as-

sessed in COPD-explanted lungs and autopsy controls. Remodeling was quantified as the

percentage wall thickness to vessel diameter (%WT) using digital image analysis. Repeat

measures mixed-effects remodeling for %WT was performed according to lobar origin

(upper and lower), muscular pulmonary arterial size (small, medium, and large), and

echocardiography-based pulmonary arterial pressure (no PH, mild PH, and moderate-to-

severe PH). Lobar perfusion and emphysema indices were determined from ventilation-

perfusion and computed tomography scans, respectively. Overall, %WT was greater in

42 subjects with COPD than in 5 control subjects (P < 0:0001 ). Within the COPD group,

%WT was greater in the upper lobes (P < 0:0001 ) and in the small muscular pulmonary

arteries (P < 0:0001 ). Lobar differences were most pronounced in medium and large ar-

teries. Lobar emphysema index was not associated with arterial remodeling. However, there

was a significant positive relationship between the lobar perfusion index and pulmonary

arterial remodeling (P ¼ 0:024). The presence of PH on echocardiography showed only a

trend to a small effect on lower lobe remodeling. The pattern of pulmonary arterial re-

modeling in COPD is complicated and lobe dependent. Differences in regional blood flow

partially account for the lobar heterogeneity of pulmonary arterial remodeling in COPD.
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INTRODUCTION

The presence of pulmonary hypertension (PH) in

patients with chronic obstructive pulmonary dis-

ease (COPD) has been associated with increased

mortality1,2 and morbidity.3,4 Thus far, studies us-

ing selective and nonselective pulmonary vasodi-

lators in COPD have not translated into improve-

ments in meaningful clinical outcomes.5-11 This has

led to a renewed interest in the underlying patho-

genesis of PH in COPD as a basis for determining

the appropriateness of pursuing PH-specific thera-

pies.12

The pathogenesis of COPD-associated PH is com-

plex.12 Although hypoxia plays a key role, other fac-

tors, such as pulmonary arterial remodeling, have

been implicated.13 Pulmonary arterial remodeling is

an umbrella term that describes a range of pulmo-

nary vascular changes observed in COPD, including

medial hypertrophy, longitudinal muscle deposition,

intimal hyperplasia, elastin and collagen deposition,

and muscularization of the pulmonary arterioles.14

Pulmonary arterial remodeling has often been quan-

tified anatomically as a measure of intimal and/or

medial thickness relative to arterial size.15,16

Although pulmonary vascular changes have been

demonstrated in subjects with COPD-associated

PH,14 the relationship between PH and pulmonary

arterial remodeling has been difficult to estab-

lish.14,16,17 This is due to (i) the difficulty in deter-

mining the natural progression of pulmonary arterial

remodeling, (ii) the intersubject and intrasubject var-

iability of pulmonary arterial changes, (iii) the inabil-

ity to accurately assess pulmonary arterial pressure us-

ing noninvasive techniques, and (iv) the confounder

of reciprocal causation (although changes due to pul-

monary arterial remodeling may elevate pulmonary

arterial pressures, PH itself may lead to pulmonary

arterial remodeling).18 Because COPD is a disease of

significant parenchymal and perfusion heterogene-

ity,19,20 this may partially account for the intrasubject

variability of pulmonary arterial remodeling. How-

ever, it is unclear whether this heterogeneity is re-

flected in differences in arterial remodeling between

the upper and lower lung lobes. This study primarily

aims to determine whether subjects with severe

COPD have lobar differences with regard to pulmo-

nary arterial remodeling. We also seek to determine

the influence of pulmonary arterial size, pulmonary

arterial pressure, regional emphysema severity, and

regional pulmonary perfusion upon pulmonary arte-

rial remodeling in COPD.

METHODS

Subjects and controls

From 2000 to 2009, 44 subjects with complete pre-

operative assessments (including an estimate of

right ventricular systolic pressure [RVSP] on echo-

cardiography) underwent lung transplantation for

severe COPD (not including patients with α-1
antitrypsin deficiency) at our institution. Of these

subjects, 42 had adequate stored tissue for analysis.

We developed normal control data by interrogating

our institution’s autopsy lung specimen database

for age-matched, nonsmoking control subjects with

no history of chronic cardiorespiratory disease. Of

153 subjects with lung autopsies performed during

2007–2009, only 5 were deemed true control sub-

jects. The study was approved by the institution’s

human ethics committee.

MORPHOLOGIC ANALYSIS

At the time of lung transplantation, explanted

lungs were placed in formaldehyde solution. The

lungs were inflated but not injected before morpho-

logic analysis.14,16 The lungs were sectioned and

examined for macroscopic abnormalities before

hemotoxylin and eosin staining and standard histo-

logic examination. In addition, for each subject,

representative paraffin-embedded sections of ap-

proximately 1 cm2 (1 upper lobe and 1 lower lobe)

were prepared for histologic evaluation using

smooth muscle actin immunohistochemistry with a

Verhoeff elastin counterstain as described else-

where.21

One observer (J.P.W.), blinded to the subjects’

pulmonary arterial pressure and lobar origin of the

specimen, prospectively performed morphologic as-

sessment using digital image analysis. Pulmonary

arterial remodeling was quantified by percentage

wall thickness (%WT) measured as 2� wall
thickness� 100=arterial diameter, as in earlier stud-
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ies (Fig. 1; a color version of this figure is available

online).15,16 See the online supplement for addi-

tional details.

VESSEL SIZE

Morphologic analysis was limited to muscular pul-

monary arteries 0.10–0.25 mm in diameter on the

basis of previous work by Shelton and colleagues that

demonstrated increased %WT in muscular pulmo-

nary arteries of this size.15 Muscular pulmonary ar-

tery size was categorized, rather than treated as a

continuous variable,13,17,22,23 on an a priori basis as

small (0.10–0.15 mm), medium (0.15–0.20 mm), and

large (0.20–0.25mm) in diameter.

LOBAR EMPHYSEMA AND

PERFUSION INDICES

Lobar percentage emphysema was determined pro-

spectively via three-dimensional reconstruction of the

lung transplant assessment computed tomography

(CT) chest images using the “density mask” method.24

See the online supplement for additional details.

During lung transplant assessment, ventilation-

perfusion scans were performed using inhaled

technegas and intravenous injection of technetium-

99m macro-aggregated albumin, respectively. Venti-

lation and perfusion images were collected with a

gamma camera for both phases of the investiga-

tion. The distribution and intensity of the radioac-

tivity count from the intravenous technetium-99m

allowed imputation of regional perfusion. The lobar

perfusion index was calculated as the ratio of lobar-

to-total pulmonary perfusion.

PULMONARY ARTERIAL PRESSURE

All patients had an echocardiogram during lung

transplant assessment. (Our institution does not

routinely perform right heart catheterization for the

evaluation of severe COPD.) Patients with COPD

for whom the RVSP could be determined were

stratified into 3 pulmonary arterial pressure groups

on the basis of a priori classification of the RVSP

obtained on the lung transplant assessment echocar-

diogram as follows: no PH if RVSP <35 mmHg,25

mild PH if 35 � RVSP < 45 mmHg, and moderate-

to-severe PH if RVSP ≥ 45 mmHg.

STATISTICAL ANALYSIS

Statistical analysis was performed using SAS soft-

ware, version 9.2 (SAS Institute). Repeat measures

mixed-effects models for %WT were fitted using lo-

bar origin, pulmonary arterial size, and pulmonary

arterial pressure as main effects. Post hoc pairwise

comparisons were adjusted by a Bonferroni correc-

tion. The effects of lobar percentage emphysema

and lobar perfusion index on %WT were assessed

after adjusting for lobar origin and pulmonary arte-

rial size. Weighted Pearson correlation compared

lobar percentage emphysema and perfusion index.

Intra-observer and interobserver reliability were de-

termined using the Bland-Altman method. For all

analyses, statistical significance was set at a 2-tailed

P < 0:05.

RESULTS

Five control subjects were identified. They were ap-

propriately age-matched against 42 subjects with

COPD (mean age ± standard deviation [SD], 59:0 �

Figure 1. The lumen and external

elastic lamina circumference were mea-

sured from A. This enabled an ideal-

ized artery to be drawn (B) on the basis

of the radius, which was derived from

the circumference measures. The per-

centage wall thickness (%WT) was then

calculated as 2� wall thickness� 100=
arterial diameter. A color version of this

figure is available online.
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5:1 vs. 58:8� 4:9 years; P ¼ 0:9). Among the sub-

jects with COPD, there were 15 with no PH, 19

with mild PH, and 8 with moderate-to-severe PH.

Baseline demographic characteristics are presented

in Table 1.

QUALITATIVE ASSESSMENT

In the explanted COPD lungs, the parenchyma

showed moderate to extensive acinar tissue loss.

The vessel changes of PH varied from minor inti-

mal myofibroblastic thickening to significant me-

dial muscular hypertrophy. Plexiform lesions and

fibrinoid necrosis were not seen. The large pulmo-

nary arteries showed variable degrees of atheroscle-

rosis. Chronic bronchitis was seen in 3 cases. There

was one subject each with extensive fibrosis, pneu-

monic consolidation, and fibrin thrombi. Scant in-

terstitial granulomata were seen in 6 cases. There

was no evidence of neoplasia.

VESSEL SIZE AND MEASUREMENT

From 42 subjects with COPD and 5 control sub-

jects, we analyzed 1,513 muscular pulmonary ar-

teries (Table 2). Intra-observer and interobserver

reliability for measures of %WT were excellent with

an absolute bias (95% limits of agreement) of %WT

of only 0.5% (−2.2% to 2.7%) and 1.8% (−4.5% to

8.1%), respectively.

PULMONARY ARTERIAL REMODELING

IN COPD

The %WT was substantially increased in the sub-

jects with COPD (irrespective of the presence of

PH) compared with control subjects (%WT ± stan-

dard error of the mean [SEM]: 30:4%� 1:1% vs.

13:2%� 3:1% ; P < 0:0001). Among control sub-

jects, there were no significant differences across

pulmonary arterial size or lobar origin. However, in

subjects with COPD, %WT was significantly in-

creased in the upper lobes compared with the lower

lobes (P < 0:0001 ), and %WT was significantly in-

creased in the small muscular pulmonary arteries

Table 2. The number of vessels analyzed according to
lobar origin and muscular pulmonary arterial size

Lobe, artery size
Control subjects

(n = 5)
COPD
(n = 42)

Upper

Small 50 (10.0) 279 (6.6)

Medium 13 (2.6) 197 (4.7)

Large 7 (1.4) 103 (2.5)

Lower

Small 73 (14.6) 420 (10.0)

Medium 31 (6.2) 205 (4.9)

Large 8 (1.6) 127 (3.0)

Total 182 (36.4) 1,331 (31.7)

Note: Values are total number of vessels (average number of vessels

per subject). All vessels that met the inclusion criteria were included in

the analysis. COPD, chronic obstructive pulmonary disease.

Table 1. Baseline demographic characteristics and physi-
ologic parameters for subjects with chronic obstructive
pulmonary disease (COPD)

Variable
Subjects with
COPD (n = 42)

Age, years 58.8 ± 4.9

Ax-Tx time, months 10.5 ± 10.2

BMI 23.0 ± 3.7

FEV1, % predicted 22.7 ± 8.0

FEV1/FVC, % 30.0 ± 9.6

TLCO, % predicted 26.5 ± 10.0

RV/TLC, % 66.0 ± 7.3

PaO2, mmHg 62.1 ± 15.2

PaCO2, mmHg 49.4 ± 10.8

Smoking history, pack years 38.3 ± 23.5

RVEF-GBPS, % 51.6 ± 11.5

LVEF-GBPS, % 60.7 ± 9.1

RVSP, mmHg 40.6 ± 11.7

Note: Data are mean values ± standard deviations. Ax-Tx time, du-

ration between lung transplant assessment and lung transplantation;

BMI, body mass index, calculated as the weight in kilograms divided by

height in meters squared; FEV1, forced expiratory volume in 1 second;

FVC, forced vital capacity; GBPS, gated blood pool scan; LVEF, left

ventricular ejection fraction; PaCO2, partial pressure of arterial carbon

dioxide; PaO2, partial pressure of arterial oxygen; RV, residual volume;

RVEF, right ventricular ejection fraction; RVSP, right ventricular sys-

tolic pressure; TLC, total lung capacity; TLCO, transfer factor of the

lung for carbon monoxide.
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compared with the medium and large muscular

pulmonary arteries (P < 0:0001; Fig. 2).

INTERACTION EFFECTS BETWEEN LOBAR

ORIGIN AND PULMONARY ARTERIAL SIZE

For the subjects with COPD, interaction effects

were present between lobar origin and muscular

pulmonary arterial size, such that %WT was signif-

icantly less for the medium (P < 0:0001) and large

(P < 0:01) muscular pulmonary arteries in the lower

lobe compared with the upper lobe, whereas %WT

for the small muscular pulmonary arteries was

not different across lobar origin (Fig. 3A). The %WT

values are presented according to lobar origin and

muscular pulmonary arterial size in Table 3.

LOBAR EMPHYSEMA AND

PERFUSION INDICES

Lobar percentage emphysema and lobar perfusion

index measures were only available for 20 and

17 subjects with COPD, respectively. Lobar percent-

age emphysema was greater in the upper lobes

than in the lower lobes (index ± SD, 54%� 19% vs.

45%� 16%; P ¼ 0:02), but was not significantly as-

sociated with %WT (P ¼ 0:482).
The lobar perfusion index was not different be-

tween the upper and lower lobes (index� SD, 0:24�
0:05 vs. 0:24� 0:07; P ¼ 0:93 ). Nevertheless, the lo-

bar perfusion index was positively associated with

%WT (P ¼ 0:024; Table 4). There were only 14 sub-

jects with COPD with measures for both lobar per-

centage emphysema and lobar perfusion index and

these were not significantly correlated (weighted r =
−0.23, P ¼ 0:43).

PULMONARY ARTERIAL PRESSURE AND

PULMONARY ARTERIAL REMODELING

Overall, there were no significant differences in

%WT across the pulmonary arterial pressure groups

(P ¼ 0:45; Fig. 2C). Interaction effects were present

between lobar origin and pulmonary arterial pres-

sure group, such that subjects with COPD without

PH had less %WT in the lower lobes compared

with the upper lobes (P < 0:0001 ), but %WT did

not change for the other PH categories across lobe

origin (Fig. 3B). Despite this interaction, within

each lobe there were no significant differences be-

tween the PH groups. There were no interaction ef-

fects between muscular pulmonary arterial size and

pulmonary arterial pressure group (Fig. 3C ).

DISCUSSION

The key findings of our study are (i) that pulmo-

nary arterial remodeling is consistently present in

Figure 2. Overall, percentage wall thickness (%WT) is greater in the

upper lobe compared with the lower lobe (A) and greater in the small

muscular pulmonary arteries compared with the medium and large mus-

cular pulmonary arteries (B). The %WT did not vary significantly among

the pulmonary arterial pressure group (C). *P < 0:0001 , †P < 0:001,
‡ P < 0:01. ns, not significant; PH, pulmonary hypertension.
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end-stage COPD; (ii) in COPD, there is increased

pulmonary arterial remodeling in the upper lobes

compared with the lower lobes; (iii) in COPD, there

is greater remodeling in the small muscular pul-

monary arteries compared with the medium and

larger arteries; and (iv) an increase in regional lung

perfusion is associated with increased pulmonary

arterial remodeling.

Additionally, no consistent relationship between PH

(determined on echocardiography) and pulmonary ar-

terial remodeling was found. Nevertheless, interaction

effects are present between lobar origin, pulmonary

arterial size, and PH. These findings demonstrate the

complexity of the distribution of pulmonary arterial

remodeling in COPD.

COPD GROUP VERSUS CONTROL GROUP

Our study confirms the presence of pulmonary ar-

terial remodeling universally in end-stage COPD

compared with age-matched, nonsmoking controls.

Our small number of controls free from chronic

cardiac or respiratory disease reflects a small sub-

set of our usual hospital autopsy population. By way

of comparison, our measures for pulmonary arte-

rial remodeling among subjects with COPD are

slightly less compared with those obtained by Kubo

et al.,16 who studied an older cohort of 10 subjects

with severe COPD who underwent lung volume re-

duction surgery (%WT, 30% vs. 36%). Similarly,

our control subjects had reduced %WT compared

with those reported by Kubo et al.16 (13% vs. 22%),

but their control subjects were older nonsmoking

patients with lung cancer, which likely accounts for

this difference. In addition, slight differences in

methodology suggest that our study represents a

Table 3. Mean percentage wall thickness (%WT) ac-
cording to lobar origin and muscular pulmonary arterial
size

Lobe, artery size
Control subjects

(n = 5)
COPD
(n = 42)

Upper

Small 13.6 ± 1.3 33.0 ± 1.3

Medium 13.9 ± 1.8 32.1 ± 1.3

Large 10.2 ± 2.2 29.1 ± 1.4

Lower

Small 13.4 ± 1.2 31.9 ± 1.2

Medium 13.1 ± 1.4 27.0 ± 1.3

Large 12.2 ± 2.1 25.2 ± 1.4

Note: Values are adjusted mean of %WT ± standard error of the

mean. COPD, chronic obstructive pulmonary disease.

Figure 3. Interaction effects of lobar origin, arterial size, and pul-

monary hypertension (PH) group on percentage wall thickness (%WT).

The %WT for medium and large pulmonary arteries are less in the

lower lobes compared with the upper lobes; however, there is no differ-

ence in the small pulmonary arteries across lobar origin (A). The %WT

for the no PH group is less in the lower lobes compared with the

upper lobes; however, there is no difference for mild and moderate-to-

severe PH groups across lobar origin (B). There are no interaction

effects between pulmonary arterial size and pulmonary arterial pres-

sure group (C). P values are for comparisons between lower and upper

lobe. *P < 0:0001, †P < 0:01.
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more conservative estimate of pulmonary arterial

remodeling.

Although we have not examined patients with

idiopathic pulmonary arterial hypertension (PAH)

in this study, Chazova et al.26 examined 19 patients

with idiopathic PAH and demonstrated a mean %WT

of approximately 60% compared with only 10% in

their 7 control subjects. In our institution, we have

previously demonstrated increased mean percent-

age intimal and smooth muscle thickness in mus-

cular pulmonary arteries of patients with pulmonary

veno-occlusive disease compared with 6 control sub-

jects (19.3% and 34.1% vs. 9.0% and 25.3%, respect-

ively).21 Unfortunately, each study employs slightly

different methodology and assesses different pul-

monary artery sizes, so direct comparisons must be

made with caution.

LOBE EFFECTS

There was increased pulmonary arterial remodeling

in the upper lobes compared with the lower lobes in

subjects with COPD. Because of the difficulty in

finding true control subjects, we were unable to as-

sess for lobar differences in remodeling among con-

trol subjects with adequate statistical power. Few

previous studies have examined whether differences

in pulmonary arterial remodeling exist across differ-

ent lobes. To our knowledge, the only other study to

find increased remodeling in the upper lobes identi-

fied increased intimal thickness but not increased

medial thickness in the upper lobes of nonsmokers

and smokers without significant lung disease.23

However, the authors did not elaborate further on

this finding; they did not control their results for

pulmonary arterial size, nor did they provide any

measure of pulmonary arterial pressure. A subse-

quent study by the same group22 included subjects

with severe COPD but did not report any lobar infor-

mation regarding pulmonary arterial remodeling.

Other studies reporting lobar-specific measures of

pulmonary arterial remodeling have not shown lo-

bar differences.14,27-30 These negative results are con-

sistent with a hypothesis that the entire pulmonary

arterial bed is under that same pulmonary arterial

pressure and hence should have a similar degree

of pulmonary arterial remodeling. However, this

presumes that it is the pulmonary arterial pressure

that drives the remodeling process independent of

pulmonary arterial size or location. In contrast,

Botney31 has proposed a 2-hit hypothesis requiring

both increased pulmonary blood flow and endothelial

injury before the development of neointimal pulmo-

nary arterial remodeling. In reality, pulmonary arte-

rial pressures and remodeling are likely codepen-

dent, moderated by arterial resistance, shear forces,

and blood flow. Consequently, muscular pulmonary

arterial size and location are likely to affect this inter-

action.

LOBE AND PULMONARY ARTERIAL SIZE

Pulmonary arterial remodeling was increased in

the small muscular pulmonary arteries compared

with the medium and larger arteries, and this is

consistent with some previous studies.15,17,27,29,32

However, other studies have not supported this rela-

tionship.13,30 Some caution is needed in inferring a

predilection for remodeling of smaller pulmonary

arteries, because our measure of remodeling is par-

tially dependent on the size of the vessel.

The distribution of pulmonary arterial remodel-

ing in different-sized pulmonary arteries is also lobe

dependant, with relative sparing of lower lobe pul-

monary arterial remodeling in the medium and

large muscular pulmonary arteries. Of note, the dis-

tribution of muscular pulmonary arterial sizes is dif-

ferent between the lower and upper lobes (repeated-

measures weighted mean diameter� SEM: 0:154�
0:002 mm vs. 0:160� 0:002 mm; P < 0:01), a rela-

tionship that was not present in the control group.

From our data, we are not able to determine whether

this difference in the distribution of pulmonary arte-

Table 4. Effect of lobar percentage emphysema and lobar
perfusion index on the percentage wall thickness (%WT)

Variable
Parameter
estimate Adjusted P

Lobar percentage
emphysema 0.36 ± 0.5 0.482

Lobar perfusion index 1.69 ± 0.7 0.024

Note: Data adjusted for lobe and pulmonary arterial size. Estimates

are incremental effects on %WT ± SEM, for every 10% increase in

index value.
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rial sizes is associated with greater arterial remodel-

ing in the upper lobes. Nevertheless, the notion that

the distribution of vessel size can influence pulmo-

nary hemodynamics is supported by a recent study33

that demonstrated that having fewer small pulmo-

nary vessels was associated with increased pulmonary

arterial pressure in a cohort of patients with severe

emphysema enrolled in the National Emphysema

and Treatment Trial.

LOBAR EMPHYSEMA AND PERFUSION

INDICES

CT quantification of emphysema has been found to

be a good marker of the anatomical distribution

and severity of emphysema,24,34 but the relation-

ship between histologic emphysema severity and

pulmonary arterial remodeling has been inconsis-

tent.14,22,23 Although we demonstrated greater up-

per lobe emphysema, there was no significant re-

lationship between lobar severity of emphysema

and pulmonary arterial remodeling. Furthermore,

there was no significant relationship between lobar

severity of emphysema and pulmonary artery den-

sity, measured as the number of pulmonary arter-

ies identified per lobe per subject.

In contrast, the lobar perfusion index was found

to have a significant positive relationship to pulmo-

nary arterial remodeling after adjusting for lobe

and muscular pulmonary arterial size. It would be

expected that, as a result of destruction of the pul-

monary capillary bed, emphysematous areas of the

lung receive less perfusion, and this would be fur-

ther exacerbated by hypoxic pulmonary vasocon-

striction. However, if emphysema causes localized

pulmonary arterial remodeling, one would expect

reduced perfusion to these areas and a negative re-

lationship between pulmonary arterial remodeling

and the lobar perfusion index. Surprisingly, we have

demonstrated that pulmonary arterial remodeling

and lobar perfusion index are positively associated,

which suggests that pulmonary arterial remodeling

may occur secondary to increased pulmonary perfu-

sion. Hence, our data support the aforementioned

2-hit hypothesis of remodeling.31

Nevertheless, the explanation for increased upper

lobe remodeling in this COPD cohort is uncertain.

Although not directly associated with increased up-

per lobe emphysema, the increased upper lobe re-

modeling may be a result of vascular changes in-

duced by cigarette smoke that, because of regional

differences in ventilation, perfusion, inflammation,

and clearance of toxins, appear to have a predilec-

tion for the upper lobes.35 Furthermore, cigarette

smoke exposure has been demonstrated to cause

pulmonary vascular changes independent of the de-

velopment of emphysema in a guinea pig model.33

PULMONARY ARTERIAL PRESSURE

Invasive pulmonary hemodynamic testing is not

performed as part of routine lung transplant assess-

ment in our center; however, all patients with COPD

are assessed by echocardiography. The interaction

effects observed between lobe and pulmonary arterial

pressure suggest that upper lobe remodeling occurs

in the absence of PH. Within the lower lobes, there

was a trend to increased pulmonary arterial remod-

eling among subjects with COPD with moderate-to-

severe PH compared with subjects with COPD with-

out PH (unadjusted P < 0:05 , adjusted P ¼ 0:32). It
is not apparent whether lower lobe pulmonary arte-

rial remodeling occurs before or after the develop-

ment of PH.

LIMITATIONS

Our study has 2 main limitations. First, lobar per-

centage emphysema and lobar perfusion index

were only performed on a subset of subjects with

COPD. Although percentage emphysema scores

were calculated prospectively, they were measured

using the archived 7.5-mm-thick, contrast-enhanced

CT chest scans performed during the lung trans-

plant assessment. Although thinner slice, non–

contrast-enhanced CT is generally the preferred

mode from which to quantify emphysema scores,

the correlation between percentage emphysema

and quantitative histological findings is similar

across a range of CT section thicknesses ranging

from 1 to 10 mm.34

The second main limitation is that pulmonary

arterial pressures were estimated from echocardio-

graphic findings rather than the gold standard of

right heart catheterization. Clearly, determining

COPD to have a high transpulmonary gradient and

correlating the vascular remodeling with pulmo-
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nary vascular resistance would lead to a more defin-

itive study. Despite the well-documented concerns

with using echocardiography to estimate pulmo-

nary arterial pressures, especially in patients with

COPD,37,38 echocardiography remains the most ac-

cepted noninvasive tool for the assessment of PH

in the clinical setting,39 and echocardiographic-

determined PH has been associated with increased

mortality among patients with COPD.40

CONCLUSION

This study confirms that severe COPD is associated

with a complex pattern of significant pulmonary arte-

rial remodeling. Using histological, radiological, and

clinical data, the distribution of remodeling in COPD

is lobe dependent and influenced by pulmonary arte-

rial size and pressure. Increased regional blood

flow partially contributes to the increased pulmonary

arterial remodeling in these subjects. These find-

ings have not been previously demonstrated.

To explain lobar differences in pulmonary arterial

remodeling and the interactions between regional

blood flow, arterial remodeling, and PH requires

additional research. Our study would support future

studies using invasive pulmonary hemodynamics,

particularly measurement of pulmonary vascular re-

sistance.
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