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difference between the two groups was not detected 
by VWV (p = 1.0).  There  were  significant  correlations 
between the ventilation defect percent (VDP) mea-
sured by MRI with VWT  (r = 0.42, p = 0.001) and VWT S  
(r = 0.56, p = 0.00001). Multivariate regression models 
showed  that VDP  significantly predicted VWT  (β = 0.38, 
p = 0.004) and VWT S  (β = 0.50, p = 0.00001). VWT-based 
measurements detected differences in vessel-wall-plus-
plaque burden in ex- and never-smokers, which were not 
revealed using VWV. There were significant correlations 
between cardiovascular and pulmonary disease biomark-
ers in these ex-smokers who did not have a clinical diag-
nosis of pulmonary or carotid disease.
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Introduction

Chronic obstructive pulmonary disease (COPD) is charac-
terized by irreversible airflow limitation related to airways 
disease, emphysema or a combination of both [1]. In 2010, 
COPD was the fourth leading cause of death worldwide [2] 
but in China, the prevalence is significantly greater, largely 
due to tobacco smoking and the intensive use of biomass 
fuels [3]. While spirometry measurements are primarily 
used to diagnose and monitor COPD, there is growing con-
sensus that these measurements may not be sensitive to mild 
or early abnormalities [4]. Pulmonary imaging measure-
ments such as provided by inhaled hyperpolarized noble gas 
magnetic resonance imaging (MRI) and thoracic computed 
tomography (CT) offer greater sensitivity to mild structural 

Abstract The relationship between carotid disease 
and  modestly  abnormal  airflow  in  ex-smokers  without 
chronic obstructive pulmonary disease (COPD) is not 
well-understood. We generated 3D ultrasound mea-
surements of carotid vessel-wall-plus-plaque thickness 
(VWT) and vessel wall volume (VWV) to quantify and 
evaluate such carotid ultrasound measurements in ex- 
and  never-smokers  without  airflow  limitation.  These 
patients did not  fulfill  the diagnostic  criteria  for COPD. 
We also investigated the relationship of carotid ath-
erosclerosis with pulmonary phenotypes of COPD. We 
evaluated 61 subjects without a clinical diagnosis of pul-
monary or vascular diseases including 34 never-smokers 
(72 ± 6 year) and 27 ex-smokers (73 ± 9 year). We mea-
sured mean VWT (VWT )  and  mean  VWT  specific  to 
carotid regions-of-interest (VWT S ) and evaluated poten-
tial differences between ex- and never-smokers. Carotid 
ultrasound and pulmonary disease measurement relation-
ships  were  also  evaluated  using  correlation  coefficients 
(r) and multivariate regression analyses. Ex-smokers 
had  a  significantly  greater VWT  (p = 0.003) and VWT S  
(p < 0.00001)  than  never-smokers,  whereas  a  significant 
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study also included never-smokers (<1 pack-year smoking 
history) with no history of chronic respiratory or significant 
or uncontrolled cardiovascular disease. All subjects were 
50–90 years of age and provided written informed consent to 
the study protocol approved by a local research ethics board.

Pulmonary function tests

Spirometry measurements (FEV1 and FVC) were acquired 
using an ndd EasyOne spirometer (ndd Medizintechnik AG, 
Zurich, Switzerland). Whole body plethysmography was 
performed for lung volumes and diffusing capacity of car-
bon monoxide (DLCO) was measured using a gas analyzer 
(MedGraphics Corporation, St. Paul, Minnesota, USA).

Image acquisition

3He MRI was performed with the subject supine and inspi-
ration breath-hold (FRC + 1L) using a whole body 3.0 T 
Discovery 750MR (General Electric Health Care, Milwau-
kee, Wisconsin, USA) system as previously described [27]. 
3D carotid ultrasound images (ATL HDI 5000; Philips, 
Bothel, Washington, USA) were acquired using a system 
described previously [28]. In this system, a conventional 
ultrasound transducer (50 mm L12-5 MHz transducer, fre-
quency = 8.5 MHz, Philips) was mounted on a mechanical 
assembly, which translated along the neck for approxi-
mately 4.0 cm at a uniform speed of 3 mm per second to 
acquire a series of 2D ultrasound images, which were then 
reconstructed into a 3D image.

Image analysis

3He MRI ventilation defect percent (VDP) and apparent 
diffusion coefficients (ADC) were measured as previously 
described [27]. Carotid IMT, TPV and VWV were mea-
sured as previously described [29, 30]. Figure 1a shows a 
schematic illustrating the workflow of our vessel wall and 
plaque  quantification  analysis.  The  lumen  and  outer  wall 
boundaries were delineated on 2D transverse images with 
1 mm inter-slice distance by an expert observer (Fig. 1a, i). 
The lumen and outer wall surfaces were reconstructed from 
delineated transverse contours using a previously described 
surface reconstruction method [31] (Fig. 1a, ii). VWV was 
obtained by subtracting the volume enclosed by the lumen 
surface from that enclosed by the outer wall surface. Plaques 
were also outlined on each 2D transverse image and TPV 
was obtained similarly (Fig. 1b). VWT was computed as the 
distance between each pair of correspondence points on the 
lumen and outer wall surfaces using our surface correspon-
dence algorithm [31] and superimposed on the wall surface 
(Fig. 1a, iii). The mesh displayed in Fig. 1a(iii) show the 
outer wall surfaces with point-wise VWT colour-coded and 

and functional pulmonary abnormalities that accompany 
early or mild forms of COPD [5, 6].

It is important to note that in COPD patients, cardiovas-
cular disease is a leading source of morbidity and mortal-
ity [7], and COPD patients have two to three times the risk 
for hospitalization for cardiovascular reasons compared to 
ex-smokers without COPD [8]. The links between COPD 
and cardiovascular diseases [9–11] are well-established, 
although the relationship between early, subclinical smok-
ing-related  findings  and  cardiovascular  diseases  is  less 
well-understood.

Due to its relatively large size and proximity to the skin 
surface, the carotid artery has been the dominant imaging 
target for cardiovascular disease. Carotid artery intima-
media thickness (IMT) generated from B-mode carotid 
ultrasound images is a well-established predictor of car-
diovascular events [12–16]. Research studies have also 
linked abnormal IMT with COPD in ex-smokers [19–21]. 
Recently, carotid 3D ultrasound has been developed to 
measure carotid plaques in three dimensions, resulting in 
3D plaque phenotypes including total plaque volume (TPV) 
[20–22] and vessel wall volume (VWV) [21, 23–25]. How-
ever, these parameters provide no spatial information, which 
is important because carotid atherosclerosis is a focal dis-
ease with plaques predominantly developing at bends and 
bifurcation. For this reason, imaging biomarkers incorporat-
ing spatial information may be more sensitive to changes in 
atherosclerotic burden.

To address this issue, three-dimensional ultrasound-
based vessel-wall-plus-plaque thickness (VWT) maps were 
developed to quantify spatio-temporal changes in athero-
sclerosis in response to interventions such as atorvastatin 
[26]. A previous study reported that while carotid TPV was 
significantly  greater  in  ex-smokers  compared  to  never-
smokers, carotid VWV measurements were not significantly 
different [18]. Here we hypothesized that the 3D ultrasound 
carotid vessel wall thickness would be more sensitive than 
VWV and would reflect statistically significant differences 
in atherosclerotic burden for ex-smokers as compared to 
never-smokers with normal spirometry. Secondly, we also 
investigated the correlation between cardiovascular and 
pulmonary diseases in this subclinical COPD population 
regardless of smoking history.

Materials and methods

Study participants

Study subjects were previously enrolled and evaluated 
[18]  including  ex-smokers  (≥10  pack-year  smoking  his-
tory) without COPD symptoms, or a physician-diagnosis 
of COPD and normal spirometry (FEV1/FVC ≥70 %). The 
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the ROI only has a better ability to differentiate ex- and 
never-smokers than that quantifies the VWT measurements 
over the entire 2D VWT map.

In this study, subject-based mean VWT (VWT ) quanti-
fied VWT measurements over the entire 2D VWT map and 
was calculated by taking the average of VWT measure-
ments over all points of the 2D VWT maps for the left and 
right arteries of each subject. VWT measurements within 
the ROI were quantified by VWT S , which was calculated as 
the mean VWT computed over the ROI only.

Statistical tests

Statistical tests were performed using SPSS statistics V19.0 
(SPSS Inc., Chicago, Illinois, USA). Unpaired two-tailed t 
tests were used to evaluate VWT  and VWT S  obtained for 

superimposed. The wall surface with spatial distribution of 
VWT superimposed is referred to 3D VWT map hereafter. 
Two measurements of carotid vessel wall thickness were 
obtained based on the 3D VWT map as previously described 
[26].  Briefly,  as  the  geometries  of  3D  VWT  maps  were 
highly subject-specific, each 3D VWT map was projected 
to a standardized 2D domain to correct for geometric vari-
ability. The resulting 2D VWT map was sampled at inter-
sections of the grid superimposed on the 2D maps (Fig. 1a, 
iv). To further utilize the spatial information available in 
the 2D VWT map, a feature selection algorithm previously 
described [26] was used to identify regions of interest (ROI) 
on the 2D maps of left and right arteries (e.g., light gray 
regions in Fig. 1a, v) where VWT measurements were most 
correlated to the subject group identity. We hypothesize that 
the biomarker quantifying the VWT measurements within 

Fig. 1  Schematic of the vessel wall and plaque quantification. a Ves-
sel wall volume (VWV) and vessel wall thickness quantification based 

on mean vessel-wall-plus-plaque (VWT ) and mean VWT specific to 

regions of interest (VWT S ) identified by the proposed feature selec-
tion algorithm. b Total plaque volume (TPA) quantification. c Illustra-
tion of plaque distribution along carotid artery
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in Fig. 2c extended to the external carotid artery (ECA) as 
indicated by the arrow on the left-hand side of Fig. 2c, and 
this was not observed in Fig. 2a. Similar results were also 
obtained for the right arteries (Fig. 2b, d).

Figure 3a, b show the results of feature selection for the 
left and right arteries respectively, with regions not selected 
by the feature selection algorithm shown in gray and the 
ROI shown in light gray. Figure 3 shows that feature points 
were largely selected in the carotid bulbs and the ECA inlets 
of both the left and right sides. These are the regions in 
Fig. 2 where we observed large difference in VWT between 
ex- and never-smokers.

VWT measurements for ex- and never-smokers

Table 2 shows the mean and the standard deviation of the 
two VWT measurements. The differences in VWT  and 
VWT S  between the never- and the ex-smoker groups were 
significant (VWT : p = 0.0025 and VWT S : p < 0.0001). Based 
on the logistic regression analyses, the odds of a subject 
being an ex-smoker were increased by a factor of 20 and 
1094 for each 0.1 mm increase in VWT  and VWT S  respec-
tively. The effects of VWT  and VWT S  were much larger 
than could be attributable to chance (VWT : p = 0.007 and 
VWT S : p < 0.0001).

Figure 4 shows the ROC curves illustrating the perfor-
mance of VWT  and VWT S  measurements in differentiating 
ex- and never-smokers. Table 3 shows the optimal thresh-
olds of these two VWT measurements used for the classifi-
cation, the sensitivity and specificity at the optimal threshold 
for each measurement, and the AUC associated with each 
measurement. At the optimal threshold, the sensitivity was 
much higher for VWT S  than VWT , whereas  the specificity 
did not improve. Classification based on the two VWT-based 
measurements resulted in the same number of five false posi-
tives, which involved never-smokers with large plaques.

ex- and never-smokers. Logistic regression was used to 
estimate the odds of a subject being an ex-smoker based 
on VWT  and VWT S . The optimal threshold, defined as the 
one associated with the maximum sum of sensitivity and 
sensitivity (Youden’s index), and the area under the ROC 
curves (AUC) were obtained for each of the two VWT mea-
surements. The correlations for vascular and pulmonary 
disease measurements were evaluated using Pearson corre-
lation coefficients (r) and the standardized regression coeffi-
cients (β) obtained in multiple regression analyses that were 
adjusted for age, BMI and DLCO, which are established risk 
factors for cardiovascular and pulmonary diseases [32].

Results

Study subjects

61 participants were evaluated including 27 ex-smokers and 
34 never-smokers [18]. Table 1 shows that only VDP and 
TPV were significantly different between the two subgroups 
whilst 3D ultrasound VWV was not different (910 ± 190 vs. 
890 ± 170 mm3, p = 1.0) in the two subgroups.

VWT maps

Figure 2a, b show the inter-subject 2D average VWT maps 
generated for the left and right arteries respectively for the 
never-smoker group, and Fig. 2c, d show the corresponding 
2D VWT maps generated for the ex-smoker group. Figure 2c 
shows a region in the neighborhood of the carotid bulb that 
was associated with an elevated VWT (right arrow). Visual 
comparison shows that the corresponding region in the 2D 
average VWT map generated for the never-smoker group 
displayed in Fig. 2a was associated with a much lower 
VWT. In addition, the region associated with elevated VWT 

Table 1 Demographic, 3D carotid ultrasound measurements (IMT intima media thickness, TPV total plaque volume, VWV vessel wall volume), 
and 3He MRI pulmonary measurements (ADC apparent diffusion coefficient, VDP ventilation defect percentage) for all study subjects

Ex-smokers (n = 27) Never-smokers (n = 34) p value

Age (years) 73 (9) 72 (6) 1.0
Male 18 18 –
BMI (kg m−2) 30 (3) 27 (3) 0.001
Pack years 27 (18) – –
Years quit 26 (6) – –
IMT (mm) 0.84 (0.10) 0.77 (0.09) 0.11
TPV (mm3) 250 (200) 60 (90) 0.002
VWV (mm3) 910 (190) 890 (170) 1.0
ADC (cm2/s) 0.29 (0.04) 0.26 (0.03) 0.20
VDP (%) 7 (3) 3 (2) 0.001

Standard deviations are enclosed by parentheses
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of VWV [18]. However, it is important to note the effect of 
vessel diameter on vessel wall area, which is best demon-
strated by comparing two cylindrical idealized arteries with 
VWT equal to 1 mm everywhere but with different vascular 
diameters. In these two idealized arteries, the vessel wall 
area can be quantified by π(R2 − r2) = π(R + r) (R − r), where 
R and r are the diameters of the outer wall and the lumen 
contours respectively. The term R − r accounts for the thick-
ness of the arterial wall, and is the same (i.e., 1 mm) for 
both arteries. The second term R + r accounts for the effect 
of vascular diameter on vessel wall area, and is greater for 
the artery with greater outer wall and lumen diameters. The 
same concept applies to VWV because it is just the sum 

Relationships between VWV and mean VWT

The VWT measurements were obtained based on the same 
lumen and outer wall segmentations used in the calculation 

Table 2 The mean and standard deviation (in parentheses) of VWT-
based biomarkers computed for asymptomatic ex-smokers and never-
smokers

Ex-smokers Never-smokers p value

VWT 0.99 (0.14) 1.13 (0.19) 0.0025

VWT S 0.99 (0.13) 1.28 (0.23) 4.18 × 10−8

Fig. 3 Feature selection result superimposed on 2D standardized map for a left and b right arteries. Points that were not selected were colored in 
gray. Selected points were colored in light gray

 

Fig. 2 Inter-subject 2D average VWT maps generated for left and 
right arteries of never-smokers and ex-smokers. a, b Show the inter-
subject 2D average VWT maps generated respectively for the left and 
right arteries of the never-smoker group. c, d Show the corresponding 

2D average VWT maps generated for the ex-smoker groups. Regions 
with elevated VWT in the maps generated for the ex-smoker group 
were pointed to by arrows in (c) and (d). The corresponding regions 
were also indicated by arrows in (a) and (b)
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and plaque burden. In contrast, subject-based VWT  adjusted 
for the difference in vascular size and detected a difference 
between the two arteries.

Figure 6 shows the plot of subject-based VWT  against 
VWV for all subjects in the studied population with the data 
points for ex-smokers labelled with solid circles and those 
for never-smokers labelled with empty circles. This plot 
demonstrates clearly why the subject-based VWT  between 
the two groups was statistically different, whereas VWV 
between the two groups was nearly the same. At a given 
VWV, the subject-based VWT  tended to be larger for ex-
smokers, indicating that ex-smokers had smaller arteries 
than never-smokers in the studied population.

Correlation between pulmonary and carotid 
measurements in the entire population

Figure 7 shows the univariate correlations for VDP with 
VWT  and VWT S . There was  a  significant  relationship  for 
VDP with VWT  (r = 0.42, p = 0.001) and VWT S  (r = 0.56, 
p = 10−5). Table 4 shows the standardized regression coef-
ficients  (β) in multiple regression models for VWT  and VWT S .  
VDP  was  a  significant  determinant  of  VWT  (β = 0.38, 
p = 0.004) and VWT S  (β = 0.50, p < 10−5).

To further investigate the relationship between the VWT 
and pulmonary function measurements, participants were 
classified  based  on median  values  of VWT  and VWT S  as 
thresholds. Figure 8 shows that participants with greater 
VWT  and VWT S  had significantly greater VDP but this was 
not the case for ADC, FEV1 and DLCO.

Discussion

While a number of studies have provided evidence that links 
the presence of COPD with cardiovascular disease [7–11], 
the relationship between subclinical forms of COPD and 
vascular abnormalities is not well-understood. In order to 
provide a better understanding of the relationship between 
carotid atherosclerosis and pulmonary abnormalities in ex-
smokers without airflow limitation [18], functional pulmo-
nary MRI and carotid 3D ultrasound imaging measurements 
were evaluated in never- and ex-smokers without spirome-
try evidence of airflow limitation. This is important because 
a previous evaluation cannot establish conclusively whether 
the ex-smokers had more severe atherosclerosis than never-
smokers as the statistical conclusions made based on VWV 
and TPV measurements were contradictory. Although 3D 
ultrasound VWV measurements have been shown to be 
sensitive to the effects of pharmaceutical intervention [23], 
the difference in VWV measurements between the ex- and 
never-smoker groups were highly insignificant statistically 
(910 vs. 890 mm3, p = 1.0). However, the difference in 3D 

of vessel wall area measured in all transverse images. In a 
similar manner, two arteries can have the same VWV, with 
the smaller artery thicker than the larger artery. Figure 5 
illustrates this point using two representative arteries. The 
3D ultrasound image of an ex-smoker with outer wall and 
lumen delineations superimposed, as well as the 3D and 2D 
VWT maps generated for this artery are shown in Fig. 5a, 
c and e respectively. The same set of data associated with 
an artery of a never-smoker is shown in Fig. 5b, d, f. These 
two arteries had a similar VWV (Ex-smoker: 562 mm3; 
Never-smoker: 558 mm3), but a very different VWT  (Ex-
smoker: 1.40 mm; Never-smoker: 1.11 mm). Visual, quali-
tative comparison of Fig. 5c, d show that the diameter of 
ex-smoker’s artery was on average much smaller than the 
never-smoker’s artery, and the difference in vessel diam-
eters was most pronounced at the proximal end of the CCA. 
This difference in vascular sizes explains their VWV mea-
surement similarity despite a markedly different vessel wall 

Table 3 Optimal thresholds of VWT  and VWT S  used to discriminate 
ex-smokers  and never-smokers,  the  sensitivity  and  specificity  at  the 
optimal threshold for each measurement, and the AUC associated with 
each measurement

Measurements Sensitivity 
(%)

Specificity 
(%)

AUC Threshold 
used

VWT 0.50 0.85 0.698 1.13

VWT S 0.81 0.85 0.858 1.10

Fig. 4 ROC curves of VWT  and VWT S  in classifying smokers and 
never-smokers. The triangle labels indicate the sensitivity and speci-
ficity associated with the optimal thresholds tabulated in Table 3
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is warranted in a population with high variability in vascu-
lar size. Unlike VWV, the VWT measurements generated 
here adjusted for the difference in vascular size and were 
shown to have sufficient sensitivity that allowed us to detect 
differences between these two subgroups in atherosclerotic 
burden.

The development and application of VWT measurements 
was driven by the need for a sensitive and reproducible 3D 
ultrasound atherosclerosis measurement that incorporates 
spatial information. Although TPV is highly sensitive to 
plaque [20], the measurement of TPV requires an observer 
to identify plaques reproducibly from the neighbouring ves-
sel wall, requiring long training and implementation times. 
The dependence of this measurement on observer expertise 
also contributes to higher intra- and inter-observer vari-
abilities for TPV measurements [21], especially for plaques 
with small volume [22]. The limitations of 3D ultrasound 
TPV measurements led to the development of VWV. The 
layers required to be segmented for VWV measurements, 

ultrasound TPV between the two groups was highly sig-
nificant  (p = 0.02). In this paper, we applied a previously 
described technique to generate 3D ultrasound VWT mea-
surements using the same lumen and outer wall boundaries 
used in VWV quantification [26] to assess the vessel wall 
and plaque burden in the ex- and never-smoker subgroups. 
The two VWT measurements (VWT  and VWT S ) revealed 
significant  differences  between  ex-  and  never-smokers 
(VWT : p = 0.0025, VWT S : p < 0.0001), suggesting a differ-
ence in vessel-wall-plus-plaque burden between ex- and 
never-smokers that was not identified with VWV. Although 
VWV is widely used as a sensitive biomarker in 3D ultra-
sound- [21, 23] and MRI-based [33, 34]  quantification of 
atherosclerosis, the current investigation represents the first 
study reporting that the vascular diameter dependence of 
VWV would render it not sensitive to the difference in ves-
sel-wall-plus-plaque burden when there is a high variability 
in vessel wall diameter among the population involved in an 
investigation. Thus, a more cautious interpretation of VWV 

Fig. 5 Two example arteries with similar VWV but different VWT . The 3D ultrasound image, 3D and 2D VWT maps associated with Artery 1 
were plotted in the first column (i.e., a, c, e) and those for Artery 2 were plotted in the second column (i.e., b, d, f)

 

1 3



1398 Int J Cardiovasc Imaging (2016) 32:1391–1402

segmentations was previously reported [21], and showed 
that VWV was associated with a lower coefficient of varia-
tion  (COV)  and  higher  intra-class  correlation  coefficient 
(ICC) than TPV, providing quantitative evidence to support 
that VWV is associated with lower intra-observer variabil-
ity than TPV. Because the double-interface pattern required 
for VWV quantification can be easily delineated, segmenta-
tion can even be achieved using semi-automated algorithm 
[36, 37], which further reduces the segmentation variability 
[38]. However, as demonstrated in this study, vascular size 
dependence renders VWV insensitive to the differences in 
atherosclerotic burden if there is a large variability in vessel 
dimensions. Unlike VWV, the VWT measurements applied 
in this study have no dependence on the vascular size, yet 
preserve the advantages of VWV in that only high-contrast 
boundaries are required.

Although VWT can be summarized by the subject-based 
average VWT measurements, VWT is inherently a point-
wise measurement. With the ability to map 3D carotid arter-
ies to a standardized 2D map, group-wise comparison in the 
VWT distribution between the ex- and never-smoker groups 
can be performed as described in the “Image Analysis” sec-
tion. We observed that the VWT distributions in ex- and 
never-smokers were similar both in the left and right carot-
ids. The inter-subject average VWT maps plotted in Fig. 2 
show focal elevation of VWT at the bifurcation; this finding 
is consistent with previous hemodynamic studies that slow 
and turbulent flow in this region contributes to the initiation 
and progression of atherosclerosis [39]. Figure 2 also shows 
that average VWT for ex-smokers in the bifurcating regions 

the lumen-intima and intima-adventitia (i.e., outer wall) 
boundaries, are associated with high contrast and these two 
interfaces have long been used for IMT measurements [35]. 
Because these interfaces can be readily identified, they can 
be segmented more reproducibly than plaque-lumen and 
plaque-outer wall boundaries required for TPV measure-
ments. A quantitative comparison between the reproduc-
ibility of TPV and VWV measurements based on manual 

Fig. 7 Correlation between pulmonary VDP and a VWT  and b VWT S

 

Fig. 6 Relationship between carotid VWV and VWT . The data points 
for ex-smokers are labelled with solid circles and those for never-
smokers are labelled with empty circles
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distribution can be computed and displayed only because of 
the development of the 2D standardized mapping technique. 
A more important consequence of the development of this 
mapping technique is that it allows for the application of 
the feature selection algorithm, which, in turn, leads to the 
development of measurements that are more sensitive than 
the subject-based average VWT measurement in identifying 
the VWT difference between ex- and never-smokers. With 
the application of the 2D standardized mapping technique, 
each artery can be represented as a vector of point-wise VWT 
with standard size. The feature selection algorithm can then 
be used to extract ROI that exhibit a large VWT difference 
between the ex- and never-smoker groups. Figure 3 shows 
that these regions were mainly located around the carotid 
bulbs. Average VWT can be computed for each subject 
over the ROI only. Average VWT measurements computed 
over the ROI (VWT S ) have greater discriminative ability in 

was substantially larger than never-smokers in both the left 
and right arteries. It is worth noting that, with the highly 
subject-specific carotid geometry, group-wise average VWT 

Table 4 Multiple regression models for subject-based biomarkers 

derived from vessel-wall-plus-plaque thickness (VWT): VWT  and 

VWT S

VWT VWT S

β p value β p value

Age −0.02 0.89 0.06 0.63
BMI 0.20 0.12 0.20 0.08
FEV1 0.08 0.56 −0.02 0.89
DLCO −0.26 0.05 −0.21 0.07
VDP 0.38 0.004 0.50 10−5

Fig. 8 The  entire  population  involved  in  this  study  was  classified 

based on median VWT  and VWT S . The subgroups with each of the 
biomarkers smaller and greater than the median were labelled respec-
tively by an upward pointing arrow (↑) and a downward pointing arrow 

(↓) followed by the corresponding biomarker. a Subjects with elevated 

VWT  and VWT S  had significantly worse VDP, but no significant dif-
ference was observed for b ADC, c FEV1%pred and d DLCO%pred
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These findings strongly support the existence of a relation-
ship between carotid atherosclerosis and mild, subclinical 
airway disease. Although this study is limited by the small 
number of subjects involved, the use of very sensitive pulmo-
nary and carotid imaging tools revealed differences between 
the ex- and never-smoker groups. Nonetheless, a larger study 
would be required to validate the correlation between VDP 
and VWT-based measurements obtained here. The clinical 
contribution of this small-scale study is the opportunity for 
early detection of subclinical COPD and carotid atherosclero-
sis in ex-smokers in whom there is little suspicion of these co-
morbid conditions. Inclusion of 3D ultrasound in the clinical 
workflow of COPD patients may contribute to early detection 
of carotid atherosclerosis, which is important because it is a 
leading cause of death in these patients.

Conclusions

We showed statistically significant differences between ex- 
and never-smokers in carotid vessel-wall-plus-plaque bur-
den, which was not detectable using 3D ultrasound VWV. 
These patients had never been diagnosed with COPD or 
vascular diseases. The VWT measurements described in this 
study is not influenced by vessel size, which is a major limi-
tation that renders VWV insensitive to the difference in ves-
sel wall and plaque burden between treatment groups with 
highly variable vessel size. An important consequence of the 
development of the VWT-based biomarkers is that sensitive 
measurements of atherosclerosis can be extracted based on 
the high-contrast lumen-intima and media-adventitia inter-
faces, without requiring operator-dependent plaque-outer 
wall and plaque-lumen interface segmentations as required 
by TPV quantification.

This study also showed that 3D ultrasound measure-
ments of the carotid vessel-wall-plus-plaque were related to 
very early and mild airway disease detected using pulmo-
nary functional MRI. As cardiovascular disease is the major 
source of morbidity and mortality of patients with COPD, 
sensitive  quantification  of  vascular  disease  in  this  patient 
group has the potential to lead to improved COPD manage-
ment and outcomes.

Acknowledgments Dr. Chiu is grateful for funding support from 
the Research Grant Council of the HKSAR, China (Project No. CityU 
139713) and the National Natural Science Foundation of China (Grant 
No. 81201149). Dr. Parraga gratefully acknowledges funding from 
the Canadian Institutes of Health Research Operating grants and New 
Investigator award as well as the Canadian Respiratory Research 
Network.

Compliance with ethical standards

Conflict of interest  The authors declare  that  they have no conflict 
of interest.

identifying the VWT difference between the ex- and never-
smoker groups, as indicated in Tables 2, 3. In summary, 
a number of essential components gave rise to these two 
VWT-based biomarkers of atherosclerosis: (1) Availability 
of 3D ultrasound images allowed for the reconstruction of 
3D outer wall and lumen surfaces. (2) Availability of these 
3D surfaces allowed for point-wise measurement of VWT. 
(3) The development of 2D standardized map adjusted 
for the variability in carotid geometry of a population of 
subjects that allowed for objective comparison of regional 
VWT distributions of different subjects. (4) The feature 
selection algorithm identified ROI where the two subgroups 
exhibited a large difference in VWT. Averaging VWT in the 
ROI allowed sensitive assessment of atherosclerosis.

A previous study showed that VWV was less sensitive 
than TPV in quantifying the effects of atorvastatin treat-
ment [23] and suggested that the lower sensitivity of VWV 
is due to the inclusion of the intima and media in addi-
tion to plaque in VWV measurement, and that some factors 
contributing to the thickening of intima and media, such 
as hyperintensive medial hypertrophy [40, 41], may not be 
directly related to atherosclerosis. The VWT  measurement 
may  be  subject  to  the  same  limitations  as  it was  defined 
based on the same contours used in VWV measurement. 
Although this effect was not apparent in this study as the 
sensitivity of VWT  was only slightly less than TPV (TPV: 
p = 0.002, VWT : p = 0.0025), the greater sensitivity intro-
duced by VWT S  makes the VWT measurements that incor-
porates intima and media less susceptible to reduction in 
sensitivity as compared to TPV.

In previous work [18], ex-smokers without airflow limi-
tation were reported to have abnormal ventilation, with nor-
mal DLCO, ADC and FEV1. Similar relationships observed 
here for 3He VDP with VWT  and VWT S  were consistent 
with previously reported results [18] in that: (1) 3He VDP 
had significant univariate relationships with VWT  (r = 0.42, 
p = 0.001) and VWT S  (r = 0.56, p = 0.00001), and the cor-
relation with VWT S  was markedly stronger than the other 
ultrasound-based vascular biomarkers (IMT: r = 0.42, TPV: 
r = 0.41, VWV: r = 0.40, VWT : r = 0.42), (2) multivariate 
regression models adjusted for established cardiovascular 
and pulmonary risk factors showed that VDP was the only 
statistically significant determinant of VWT  and VWT S , with 
the standardized regression coefficient of VDP in the mul-
tiple regression models for VWT S  (β = 0.50, p < 10−5) greater 
than in VWT  model (β = 0.38, p = 0.004) and (3) subjects 
with VWT  and VWT S  greater than the respective medians 
were associated with significantly worse VDP, with the level 
of significance greatest when the subgroups were classified 
based on VWT S  (VWT : p = 0.04, VWT S : p = 6.5 × 10−5). The 
subgroups with elevated VWT  and VWT S  were not different 
with respect to ADC, FEV1%pred and DLCO%pred compared 
with the respective subgroups with lower VWT.
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