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Abstract
The recently discovered longitudinal displacement of the common carotid arterial wall (i.e., the motion
along the same plane as the blood flow), may be associated with incident cardiovascular events and
represents a novel and relevant clinical information. At present, there have only been a few studies that
have been conducted to investigate this longitudinal movement. We propose here a method to assess
noninvasively  the  wall  bi-dimensional  (two-dimensional  [2-D],  cross-sectional  and  longitudinal)
motion and present an original approachthat combines a robust speckle tracking scheme to guidance by
minimal path contours segmentation. Our method is well suited to large clinical population studies as it
does not necessitate strong imaging prerequisites. The aim of this study is to describe the association
between  the  longitudinal  displacement  of  the  carotid  arterial  wall  and  cardiovascular  risk  factors,
among  which  periodontal  disease.  Some  126  Indigenous  Australians  with  periodontal  disease,  an
emerging risk factor, and 27 healthy age- and sex-matched non-indigenous control subjects had high-
resolution ultrasound scans of the common carotid artery. Carotid intima-media thickness and arterial
wall  2-D  motion  were  then  assessed  using  our  method  in  ultrasound  B-mode  sequences.  Carotid
longitudinal displacement was markedly lower in the periodontal disease group than the control group
(geometric mean (IQR): 0.15 mm (0.13) vs. 0.42 mm (0.30), respectively; p < 0.0001), independent of



cardiovascular  risk  factors,  cross-sectional  distensibility  and  carotid  intima-media  thickness  (p  <
0.0001).  A  multivariable  model  indicated  that  the  strongest  correlates  of  carotid  longitudinal
displacement in adults with periodontal disease were age (b-coefficient = 2.235, p = .03), waist (b-
coefficient = 2.357, p = 0.001), and pulse pressure (b-coefficient = .175, p = 0.07), independent of other
cardiovascular risk factors, cross-sectional distensibility and pulse wave velocity. Carotid longitudinal
displacement, estimated with our approach, is impaired in the periodontal disease group, independent
of established cardiovascular risk factors and other noninvasive measures of arterial stiffness, and may
represent an important marker of cardiovascular risk. 
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INTRODUCTION 
Alterations in vascular dynamics, including arterial stiffening, are present decades prior to the onset of
clinical cardiovascular events (Celermajer et al. 1992; Whincup et al. 2005) and appear to be predictive
of cardiovascular events independent of traditional risk factors (Laurent et al. 2001; Weber et al. 2004;
Dolan et al. 2006). Cross-sectional (i.e. radial) stiffness is a strong contributor to arterial pulse wave
velocity (PWV), the current gold standard measure of arterial stiffness. Accordingly, the assessment of
diameter change of the common carotid artery through the cardiac cycle is widely used as a measure of
localized arterial stiffness (Gamble et al. 1994; Hansen et al. 1995; Jiang et al. 2000). 

Nonetheless, these classical methods cannot directly capture the information concerning the specific
movement of the arterial wall in the same orientation as the blood. Such longitudinal displacement of
the intima-media complex tissues is less likely to influence arterial PWV, however, it  may provide
relevant additional information concerning arterial stiffness and vascular health than that derived from
established  methods.  Longitudinaldisplacement  of  the  human  arterial  wall  and  its  physiologic
implications have been characterized by recent studies, namely this phenomenon (1) can be measured
noninvasively with precision (Cinthio et al. 2005); (2) has been detailed as a complex triphasic motion
pattern with a larger movement against the blood flow during systole and being of the same magnitude
as the radial motion (Cinthio et al. 2006); (3) has been demonstrated to be reduced in patients with
carotid plaques, coronary artery disease and type 2 diabetes (Svedlund and Gan 2011a, 2011b; Zahnd et
al. 2011a); (4) may be predictive of incident cardiovascular events independent of carotid stiffness and
carotid atherosclerosis (Svedlund et al. 2011); and, (5) in pigs, undergoes profound changes in response
to catecholamines (Ahlgren et al. 2011). 

Periodontal  disease,  an  inflammatory  disease  of  the  tissues  surrounding  the  teeth,  is  an  emerging
independent cardiovascular risk factor (Scannapieco et al.  2003; Bouchard et al.  2010). Periodontal
disease  is  associated  with  preclinical  measures  of  vascular  health  including  increased  subclinical
atherosclerosis and arterial endothelial dysfunction (Amar et al. 2003; Beck et al. 2011) but not PWV
(Miyaki  et  al.  2006;  Franek  et  al.  2009).  Accordingly,  we  sought  to  determine  whether  carotid
longitudinal displacement is altered in adults with periodontal disease, compared with age- and sex-
matched  healthy  control  subjects.  The  periodontal  disease  group  was  made  up  of  Indigenous
Australians with moderate to severe periodontal disease enrolled in the PerioCardio study (Skilton et al.
2011). Indigenous Australians are at increased risk of premature cardiovascular disease, predominantly



because of increased burden of established and emerging cardiovascular risk factors, as opposed to
being  Indigenous  per  se  (O’Dea  1991;  Brown  et  al.  2005).  Additionally,  periodontal  disease  is
associated with elevated total cholesterol and low high-density lipoprotein cholesterol (HDL-c) (Wu et
al. 2000; Buhlin et al. 2003). Thus, we also sought to determine whether any observed difference in
carotid longitudinal displacement between the periodontal disease and control groups was potentially
because of differences in established cardiovascular risk factors. We also described the association of
cardiovascular  risk  factors  with  carotid  longitudinal  displacement  within  adults  with  periodontal
disease,  to  further  describe  the  association  of  specific  risk  factors  and  carotid  longitudinal
displacement. 

MATERIALS AND METHODS 
Study  populations  Subjects  with  periodontal  disease  were  participants  in  the  PerioCardio  study,
described in detail elsewhere (Skilton et al. 2011). These participants are Indigenous Australians with
moderate  to severe periodontal  disease,  aged ≥ 25 years,  with no known history of cardiovascular
disease. The first 126 participants recruited into the PerioCardio study were included in this analysis.
One  participant  had  ultrasound  scans  of  insufficient  quality  to  enable  assessment  of  longitudinal
displacement (i.e., the interfaces of both walls could not clearly be seen because of the image noise)
and, thus, was excluded from analysis. 

As a control group, we included 27 age- and sex-matched healthy volunteers from Lyon, France, who
were  part  of  a  larger  study  conducted  by  ourselves  and  others,  in  which  carotid  longitudinal
displacement was ascertained using the same technique. Control subjects were healthy, non-smoking
adults with no prior history of cardiovascular risk factors (hypercholesterolemia, diabetes, hypertension
or family history of cardiovascular events). 

Table 1 displays participant characteristics for the periodontal disease and control groups. Informed
consent was obtained from all  participants and the study was approved by appropriate institutional
ethics  committees  in  both  Australia  (Menzies  School  of  Health  Research,  Northern  Territory
Department of Health Human Research Ethics Committee, Central Australian Human Research Ethics
Committee,  Northern  Territory  Correctional  Services  Research  Committee,  University  of  Adelaide
Human Research Ethics Committee and the Aboriginal Health Council of South Australia) and France
(Sud-Est committee). 

Acquisition of the carotid artery ultrasound sequences 

Ultrasound  images  for  the  periodontal  disease  group  were  obtained  using  a  portable  ultrasound
(Sonosite MicroMaxx, Bothell, WA, USA), with a 10–5 MHz linear array transducer, as previously
described (Skilton et al. 2011). The B-mode sequence frame rate was 45 fps and the pixel size was 47
mm in  both  radial  and longitudinal  directions.  Multiple  loops of  approximately six cardiac  cycles
duration were obtained for both the right and left common carotid arteries of each participant. For 17
participants, only ultrasound stills, as opposed to loops, were available from the baseline visit and, as
such, ultrasound sequences from the 3-month visit were used for these participants. 

Ultrasound  images  for  the  control  group  were  obtained  using  a  mainframe  ultrasound  scanner
(ACUSON Antares premium edition; Siemens, Erlangen, Germany) equipped with a 10–5 MHz linear
array transducer. The B-mode sequence frame rate was 29 fps and the pixel size was 30 mm in both
radial and longitudinal directions. For the control group, longitudinal displacement was assessed from a
single loop consisting of two to three cardiac cycles obtained from the left common carotid artery. 



Estimation of the two-dimensional carotid wall displacement: cross-sectional and longitudinal motion 
 
All the processing, for both study populations, was conducted offline on a workstation at a central
reading site by the same operator (G.Z.). We used a dedicated software method (Carolab) that we have
recently  developed  in  Matlab  (MathWorks  Inc.,  Natick,  MA,  USA)  to  measure  the  longitudinal
displacement of the distal wall, the cross-sectional diameter change and the distal wall IMT, throughout
the  entire  cardiac  cycle  (Zahnd et  al.  2010,  2011b,  2011c).  This  technique  exploits  the  grey-level
information of the images and is based on a double-step scheme that relies on robust speckle tracking
guided by contour segmentation. The three main steps are detailed below. 

Initialization phase 

On the first image of each sequence, left and right borders are firstly cut out, with a region of interest
(ROI) set approximately 1 cm distal to the carotid bulb and 0.1 cm distal to the right border of the
image, representing a covered surface of approximately 1.5 cm wide (Fig. 1a). Then the radial positions
of both walls are manually set by indicating, for each wall, another rectangular ROI that must include
the intima-media complex, and a small part of the lumen and of the adventitia. Finally, the rough initial
IMT of both walls is manually set by indicating one point of the lumen-intima interface and one point
of the media-adventita interface. Then the full sequence is automatically processed using these initial
inputs. 

Segmentation phase 

The segmentation of the intima-media complex is realized by finding the central skeleton (i.e.,  the
curved line located exactly in between the contours of the two intima-lumen and media-adventitia
interfaces [Fig. 1b]). To perform the segmentation, a spatial transformation T is first applied on the
current  image,  using  the  position  of  the  skeleton  of  the  previous  frame,  to  represent  the  curved
interfaces to be segmented by horizontal lines. With this transformation T, the previous skeleton is
represented as a straight line and the corresponding translation is  applied to  the image column by
column.  Then,  a  vertical  matched filter  H,  defined  as  the  convolution  of  the  first  derivative  of  a
Gaussian (length of 7 pixels, standard deviation of 0.4) with a pair of diracs separated by a distance Δ,
is applied to highlight the typical double-line pattern of the horizontal interfaces, characterized by two
high gradient values distant from the length of the IMT (Zahnd et al. 2011b). The central value of Δ
corresponds to the average IMT and is determined in the n-th frame by its value in the previous frame.
The convolution filter H is applied iteratively with seven different values of Δi to take into account the
tiny changes of the IMT along the cardiac cycle (Selzer et al. 2001) and for each pixel, the output with
the higher value is kept and the corresponding IMT value Δi is memorized. The output of the H filter is
a  velocity  map  that  represents  all  the  position  probabilities  of  the  skeleton.  A front  propagation
approach with an upwind scheme technique (Cohen 2005) is then applied on this map to build a cost
function, and the optimal path with the minimal cost is finally calculated by gradient descent from the
left and right sides to the center. The inverse spatial transformation T -1 is then applied to the optimal
path to match back the initial image, and the skeleton of the current frame is finally calculated by a 2-
degree polynomial approximation of the optimal path, to represent a realistic smooth contour. The two
contours of the lumen-intima and the media-adventitia interfaces are positioned at a distance of  Δi/2
from the skeleton for visual confirmation. 

All  the  successive  positions  of  the  skeleton  through  the  sequence  are  used  to  measure  the  radial
trajectory of the wall, as well as to provide a position a priori for the longitudinal speckle tracking
scheme.  The  cross-sectional  diameter  for  each  frame  of  the  sequence  is  estimated  as  the  median



distance  between  the  near  and  far  walls,  using  the  previously  segmented  contours.  Carotid  artery
distensibility is defined as the relative diameter change for a pressure increment and calculated as:
arterial  distensibility  =  ΔD/(ΔP×D),  with  ΔD  the  total  amplitude  of  the  cross-sectional  diameter
change,  ΔP the blood pressure, and D the maximal cross-sectional diameter; and thus, expressed in
units 10-3 mmHg-1 (O’Rourke et al. 2002). The carotid IMT is also measured at end-diastole in the left
common carotid,  as the median distance between the lumen-intima and media-adventitia interfaces
derived from the temporally corresponding Δ value of the segmentation process. 

Speckle tracking phase 

Speckle  tracking,  also  called  block  matching,  is  a  widely used  technique  to  assess  the  motion  in
ultrasound B-mode sequences (Yeung et al. 1998). This method consists in selecting a small block of
pixels in an image and finding its most probable position in the next image by determining the most
similar corresponding block. We propose here an enhanced version of speckle tracking, well suited to
the need of robustness of a large in vivo study, which exploits an a priori position guidance combined
to the collaboration of multiple blocks (Zahnd et al. 2010). First, the previously estimated skeleton (that
is to say the intima-media centerline) is used as a radial a priori and a group of 16 blocks of dimensions
1.5×0.3 mm2 are automatically and regularly positioned in the image (Fig. 1c), within search windows
of dimension 2.13×0.63 mm2. The blocks are located inside the intima-media complex and just adjacent
to the intima-lumen interface. Then, the image is interpolated by a factor 10 and the speckle tracking
operation is computed independently for each block using the normalized sum of squared differences
(NSSD)  criterion.  Finally,  the  resulting  displacement  between  the  considered  pair  of  frames  is
calculated by robust statistics as the median value of the individual result from all the 16 blocks. In
summary, this approach has two main advantages: first, the blocks are always repositioned along the
skeleton  in  the  current  image and,  therefore,  cannot  generate  a  cumulative  drift  error  through the
sequence; and second, the motion estimation is realized by considering a set of several points defining
a more global zone of the wall and rejecting the outliers and, therefore, does not depend on a specific
local point that can temporarily suffer from weak echoes, out-of-plane movements or motion artifacts. 

The longitudinal trajectory of the wall tissues along the complete sequence is calculated by summing
up all the previously estimated longitudinal displacements between two consecutive frames. A carotid
longitudinal  displacement  index  is  then  calculated  to  provide  a  measure  of  carotid  longitudinal
displacement per 10 mm Hg change in arterial pulse pressure, as: carotid longitudinal index =  ΔX/
(10×ΔP), with ΔX the total amplitude of the longitudinal motion and DP the blood pressure. 

Cardiovascular risk measures 

Intra-oral  screening  for  periodontal  disease  status  was  undertaken  by  a  dentist  or  an  oral  health
therapist.  All  teeth present in the mouth (excluding third molars) were measured at  four sites  that
included mesio-buccal, mid-buccal, disto-buccal and disto-lingual/palatal. All periodontal recordings
were entered into a conventional database (MS Access, 2007 edition). Moderate periodontal disease
was defined as the presence of either two sites between adjacent teeth with ≥ 4 mm attachment loss or
at  least  two such sites  with  ≥ 5mm pockets,  and severe  periodontitis  as  having at  least  two sites
between adjacent teeth with ≥ 6 mm attachment loss and at least one pocket ≥ 5 mm (Page and Eke
2007). A computer algorithm programmed into MS Access calculated the number of sites according to
the criteria above and confirmed periodontal case status. 

The methods for assessing the other cardiovascular risk factors in the periodontal disease group are
described elsewhere (Skilton et al. 2011). In brief, glycated hemoglobin (HbA1c) was measured by



turbidimetric inhibition immunoassay with a COBAS INTEGRA (Roche Diagnostics, Indianapolis, IN,
USA), non-fasting total cholesterol by enzymatic methods and HDL-c was measured directly with an
ADVIA chemistry  system  (Siemens,  Tarrytown,  NY,  USA).  NonHDL-c  was  calculated  as  total
cholesterol, HDL-c. Smoking status and diabetes were derived from a self-administered questionnaire.
Two participants  with missing data  concerning smoking status have been grouped with those who
refused  to  answer  the  smoking-related  questions.  Carotid-dorsalis  pedis  PWV  was  measured  by
applanation tonometry (SphygmoCor-PVMx device, AtCor Medical, Sydney, Australia). Seated blood
pressure was measured three times, with 3 min between readings, using an automated device (Welch
Allyn Medical Products, Skaneateles Falls, NY, USA). The average of the final two recordings was
used. Supine blood pressures were obtained immediately after acquisition of both the left and right
carotid ultrasounds for use in the calculation of arterial stiffness measures. One participant was missing
the supine blood pressure for the left carotid artery, the supine pressure for the right carotid was used
instead; and another was missing both supine blood pressures, the seated blood pressure was used. 

For the control group, biochemical analysis was undertaken with an Abbott Automat (Abbott, Rungis,
France),  within  the  University  Hospital  of  Lyon  clinical  laboratory.  Supine  blood  pressure  was
measured with an automated device (OMRON M3, Rosny Sous Bois, France), at the end of carotid
examination on the left arm. The lowest of three recordings was used. Data concerning age, sex, height
and weight, smoking status and treatment were collected by the same investigator (M.D.). 

Statistical analysis 

Neither  longitudinal  displacement  of  the carotid  artery wall,  nor  its  ratio  with pulse pressure—the
carotid  longitudinal  displacement  index—were  normally  distributed  and,  thus,  were  natural  log
transformed prior to  analysis.  Group comparisons were made using Student’s t-test  for continuous
variables and c2 analysis for nominal variables. As previously described, information from both left
and right carotid arteries was available for the periodontal disease group, however, only the left side
was available for the control group, because of the independent clinical study protocols. Therefore, for
each participant in the periodontal disease group, the amplitude of the longitudinal displacement was
calculated by averaging the amplitude from the left and right carotid arteries and used for analysis
within  the  periodontal  disease  group,  whereas  only  data  for  the  left  carotid  artery  were  used  for
comparative  analysis  involving  both  groups.  Carotid  longitudinal  displacement  and cross-sectional
distensibility were assessed a second time in 20 randomly selected participants from the periodontal
disease group and intraobserver  reproducibility was determined by means of intraclass correlations
coefficients. The association of carotid longitudinal displacement with cardiovascular risk factors was
assessed in the periodontal disease group, first by Pearson correlation, followed by multivariable linear
regression models adjusting for (1) age and sex, and (2) other risk factors. The selection of variables in
this  second model was based on those variables with the strongest association (i.e.,  with statistical
significance  in  the  univariate  model)  for  each  category of  variables  (anthropometry [i.e.,  external
morphological  characteristics,  as  for  example  waist  or  BMI],  blood  pressure,  lipids,  diabetes  and
periodontal  disease),  as derived from the previous model.  Associations  of risk factors with carotid
longitudinal  displacement  derived  from  multivariable  models  are  presented  as  standardized  b-
coefficients. All statistical analysis was undertaken using IBM SPSS Statistics (v. 19.0; IBM Corp.,
Somers, NY, USA). Statistical significance was inferred at 2 p < 0.05. 

RESULTS 
Participant characteristics for the periodontal disease group and the control group are shown in Table 1.
Briefly,  the periodontal disease group was at  higher overall  cardiovascular risk (i.e.,  had markedly
increased adiposity, lower HDL-c, a high prevalence of diabetes, higher rates of smoking and raised



HbA1c levels). 

The proposed Carolab method was used to assess the wall two-dimensional (2-D) trajectory and the
IMT on each subject, as previously described. The accuracy of the lumen-intima and media-adventitia
interfaces resulting from the segmentation process was visually confirmed for each sequence by an
experienced observer (G.Z.). The longitudinal trajectory of the far wall of the common carotid artery
and  the  cross-sectional  variation  of  the  diameter  was  assessed  for  all  available  cardiac  cycles.
Representative tracings of the longitudinal displacement and the cross-sectional diameter change from
participants in the periodontal disease group and subjects in the control group are presented in Figure 2.
Individual cardiac cycles with longitudinal and cross-sectional tracings of insufficient quality (i.e., not
presenting  a  reproducible  cyclic  motion,  mostly  for  the  periodontal  group,  with  an  approximate
occurrence of about one cycle on three) were discarded prior to averaging the remaining cycles. 

Results of the comparative measures between the two populations for the longitudinal displacement
index, the cross-sectional distensibility and the IMT are presented in Figure 3. The periodontal disease
group had significantly greater subclinical atherosclerosis than controls (carotid IMT: 0.64 mm (0.17)
vs.  0.57 mm (0.09);  p  = 0.007,  Fig.  3c).  Most  importantly,  carotid  longitudinal  displacement  was
markedly lower in the periodontal disease group than the control group (geometric mean [interquartile
range]: 0.15 mm (0.13) vs. 0.42 mm (0.30); p < 0.0001), as was the carotid longitudinal displacement
index (Fig. 3a). This remained after adjustment for cardiovascular risk factors (adjusted for age, sex,
smoking status, BMI, HDL-c, nonHDL-c, HbA1c and diastolic blood pressure (DBP); p < 0.0001) and
further adjustment for cross-sectional distensibility and carotid IMT (p < 0.0001). Interestingly, there
was no difference between groups for the cross-sectional distensibility measure (Fig. 3b). 

The  intraobserver  intraclass  correlation  coefficients  for  the  raw  carotid  longitudinal  displacement
measure, and the carotid longitudinal displacement index, were 0.959 and 0.971, respectively. Carotid
longitudinal displacement index correlated with carotid IMT (r = 2.200, p = 0.01) and carotid cross-
sectional distensibility (r = .317, p < 0.0001) but not PWV (r = 2.064, p = 0.49; periodontal disease
group only). 

To  describe  the  risk  factors  for  carotid  longitudinal  displacement  index  in  those  with  periodontal
disease,  we  determined  crude  correlations,  age-  and  sex-adjusted  associations  and  multivariable
associations, with cardiovascular risk factors (Table 2). The results of the multivariable model were
similar after exclusion of participants with only post-randomization data available (age: b-coefficient =
2.228, p = 0.04; BMI: b-coefficient = 2.527, p < 0.0001), or further adjustment for carotid distensibility
(age: b-coefficient = 2.257, p = 0.009;  BMI: b-coefficient = 2.458, p < 0.0001) or PWV (age: b-
coefficient  =  2.216,  p  =  0.04;  BMI:  b-coefficient  =  2.501,  p  <  0.0001).  When  the  raw  carotid
longitudinal displacement measure was modeled, instead of the index that incorporates pulse pressure,
results showed that SBP, DBP and pulse pressure were not associated in crude or age and sex-adjusted
models (p . 0.10 for all comparisons), however, the strongest correlates in the multivariable model were
age (b-coefficient = 2.235, p = 0.03), waist (b-coefficient = 2.357, p = 0.001) and pulse pressure (b-
coefficient = .175, p = 0.07). 

DISCUSSION 

In this  study,  we have presented an approach based on robust speckle tracking guided by contour
segmentation, aiming at the estimation of the arterial wall 2-D motion. Using this method, we have
demonstrated that the amplitude of the longitudinal displacement of the carotid arterial wall may be a
significant marker of cardiovascular risk,  as it  is  markedly reduced in Indigenous Australians with



periodontal disease compared with a healthy Caucasian control population. Compared with this latter
group, the at-risk participants had a higher prevalence of smoking and diabetes,  elevated levels of
adiposity and HbA1c, and lower HDL-c. However, the impairment of carotid longitudinal displacement
was  independent  of  these  established  cardiovascular  risk  factors,  and  also  of  cross-sectional
distensibility  and  carotid  IMT.  This  suggests  that  the  longitudinal  displacement  may represent  an
independent complementary marker of vascular health and disease. 

There are only a few published reports describing the longitudinal displacement of arterial walls. The
first in vivo demonstration, in pigs, used small piezoelectric crystals sutured onto the artery and showed
a distinct longitudinal displacement of about half the amplitude of the diameter change (Tozzi et al.
2001).  A variety of ultrasound-based approaches have then been used in humans to  assess arterial
longitudinal displacement, including: an echo-tracking method (Persson et al. 2003; Cinthio et al. 2005,
2006;  Cinthio  and  Ahlgren  2010);  different  block-matching  approaches  (Golemati  et  al.  2003;
Gastounioti et  al.  2011; Larsson et  al.  2011; Zahnd et al.  2011a), and the Velocity Vector Imaging
commercial software (VVI, Research Arena 2; TomTec imaging systems GmbH, Unterschleissheim,
Germany) (Svedlund and Gan 2011b). We have recently proposed a novel segmentation and guided
speckle tracking-based method to assess the 2-D movement of the arterial walls (Zahnd et al. 2010,
2011b, 2011c). Numerous approaches have been proposed to segment the carotid artery walls, using
active contours  (Loizou et  al.  2007),  local  statistics (Delsanto et  al.  2007),  dynamic programming
(Cheng and Jiang 2008) or gradient (Faita et al. 2008). However, these methods usually process single
images rather than sequences and provide information related to the radial direction (i.e.,  IMT and
cross-sectional  diameter,  but  do  not  permit  to  assess  the  wall  longitudinal  motion.  The  method
presented  here  combines  speckle  tracking  to  guidance  by  contours  segmentation,  as  proposed  in
(Destrempe et al. 2011). 

As previously noted,  carotid  longitudinal  displacement  is  reduced in  patients  with  carotid  plaques
(Svedlund and Gan 2011a). Aging was a strong, and inverse, correlate of longitudinal displacement in
the current study, suggesting that differences in age may have confounded prior studies demonstrating
impaired carotid  longitudinal  displacement  in older  adults  with coronary artery disease and type 2
diabetes (Svedlund and Gan 2011b; Zahnd et al. 2011a). Recently, a study showed that longitudinal
displacements of the porcine carotid artery undergoes profound changes in response to catecholamines
and accompanying effects on blood pressure, constituting a possible link between mental stress and
cardiovascular disease (Ahlgren et al. 2011). Importantly, longitudinal displacement of the carotid wall
has recently been demonstrated to be predictive of incident cardiovascular events in high-risk subjects,
independent  of  cross-sectional  carotid  stiffness  and  carotid  IMT (Svedlund  et  al.  2011).  This  is
consistent  with  our  findings  and  suggests  that  the  noninvasive  assessment  of  carotid  longitudinal
displacement may provide information concerning vascular disease and risk of cardiovascular events
that is otherwise not captured by other measures of carotid stiffness and structure. 

Adiposity  was  also  strongly,  and  inversely  associated  with  carotid  longitudinal  displacement,
independent of other risk factors. Approximately 67% of the cardiovascular risk associated with obesity
is mediated via established cardiovascular risk factors (Wilson et al. 2008), however, whether or not
impaired carotid longitudinal displacement contributes to the excess cardiovascular risk associated with
obesity is unknown, but may be a topic of future study. Blood pressure was the other major determinant
of  carotid  longitudinal  displacement,  although  this  association  was  markedly  weakened  when
incorporated into a multivariable model with BMI, consistent with our previous findings for carotid
IMT (Skilton et al. 2008). 

We  suggest  that  periodontal  disease  per  se  may  possibly  be  related  to  the  arterial  longitudinal



displacement. Periodontal disease is an emerging cardiovascular risk factor associated with impaired
endothelial function and increased subclinical atherosclerosis (Amar et al.  2003; Scannapieco et al.
2003; Bouchard et al. 2010; Beck et al. 2011; Skilton et al. 2011), putatively via a shared pathogenic
inflammatory response  (Offenbacher  et  al.  2005).  The periodontal  disease  group was  made up of
Indigenous Australians, who are at increased risk of premature cardiovascular disease, predominantly
because of increased burden of established and emerging cardiovascular risk factors, as opposed to
being Indigenous per  se (O’Dea 1991; Brown et  al.  2005).  Thus,  the reduced carotid  longitudinal
displacement in the periodontal group independent of established risk factors, suggests that periodontal
disease may influence carotid longitudinal displacement.  Other cultural  and ethnic differences, and
factors  such  as  socioeconomic  disadvantage  and psychosocial  stress,  may have  contributed  to  the
observed  differences  between  those  with  periodontal  disease  and  the  control  group.  Although  as
previously noted,  these are  not  major  contributors  to Indigenous cardiovascular  health  and disease
beyond their associations with established risk factors. Moreover, while the periodontal status of the
control group is unknown, it is likely that some of the control group had moderate to severe periodontal
disease  given  the  population  prevalence  of  periodontal  disease  in  France  (Bourgeois  et  al.  2007).
Accordingly, the true association of periodontal disease with carotid longitudinal displacement may be
stronger than that observed in this study. 

The periodontal  disease  group in our  study had increased carotid  IMT,  an established measure of
arterial structure that is independently associated with incident cardiovascular events (Lorenz et  al.
2007), indicative of this group having poorer vascular health and being at increased cardiovascular risk.
While  this  was  mirrored  by the  carotid  longitudinal  displacement  measure,  carotid  cross-sectional
stiffness did not differ by periodontal disease status. This is consistent with a recent study that found no
difference in PWV by periodontal disease status (Franek et al. 2009). These differences between the
longitudinal, cross-sectional and PWV measures may be because of the differing structural properties
that determine arterial axial and circumferential stretch, with the former being putatively under greater
local control related to the deposition of collagen, smooth muscle proliferation and hypertrophy and
breakdown of elastin (Dobrin et al.  1990; Humphrey et al.  2009). Indeed, there was no significant
association between longitudinal displacement and PWV, considered the gold-standard method for the
noninvasive assessment of arterial stiffness. This is consistent with the longitudinal displacement of the
walls of the conduit arteries not acting to cushion or slow the arterial pulse wave, unlike cross-sectional
distension.  Accordingly,  longitudinal displacement of the arterial  walls may represent a measure of
arterial  stiffness  complementary  to  cross-sectional  distensibility  or  PWV.  An  advantage  of  the
ultrasound-derived localized measures of arterial stiffness, as compared to carotid-femoral PWV, is that
these  methodologies  avoid  cultural  and ethical  obstacles  regarding accessing  the  femoral  artery in
certain populations and subject groups. In addition, these measures can be obtained as part of a brief
addendum to a commonly used carotid IMT scanning protocol. 

The impaired carotid longitudinal displacement in the periodontal disease group was also independent
of subclinical atherosclerosis and arterial stiffness, indicating that carotid longitudinal displacement
does  not  simply  replicate  information  concerning  vascular  health  and  disease  captured  by  more
established noninvasive techniques for assessing arterial structure and stiffness. 

Study limitations 

This study raises several limitations that must be considered. First, two different ultrasound machines
were used to acquire the images for each population. Moreover, the cardiovascular risk measurement
and acquisition protocol were slightly different as the two populations were initially enrolled in two
different  larger  clinical  studies  in  Australia  and  France,  respectively.  Also,  a  significant  genetic



difference  could  have  been  caused  by the  disparity  in  the  racial  makeup  of  the  two populations,
potentially affecting the results.  Nevertheless,  all  measurements were centralized and realized with
automated software, and our results are consistent with carotid longitudinal displacement being related
to cardiovascular health (Svedlund et al. 2011). Second, some individual cardiac cycles did not present
a reproducible pattern cycle and were discarded, the resulting motion amplitude being calculated with
the  remaining cycles,  as  detailed  previously.  Although almost  all  cycles  were reproducible  for  the
healthy subjects, approximately one cardiac cycle per three heart beats was of insufficient quality for
the periodontal participants. This degrading phenomenon is known to have multiple possible causes,
among which the subject breathing,  swallowing, slightly moving, or contracting his neck muscles.
Moreover, we did observe more data of lower quality in periodontal participants, potentially because of
a higher BMI and, therefore, a poorer tissue echogenicity; or a different ultrasound machine with lower
imaging definition.  However,  while the longitudinal displacement of a carotid B-mode sequence is
more difficult to measure than the radial displacement, because of the homogeneity of tissues in that
direction, we obtained excellent reproducibility using our speckle tracking method. Third, information
regarding the intake of cardiovascular and cardiometabolic drugs is not available in this study and
possible cofounding effects can, therefore, not be assessed. Similarly, inflammatory markers have not
yet been assessed in these participants,  and as such we were unable to ascertain whether systemic
inflammation is associated with carotid longitudinal displacement. Finally, the blood velocity, which
generates a friction corresponding to the wall shear stress at the surface of the endothelium (Davies
2008), is not considered in this work. However, the wall longitudinal motion may not be principally
caused by this single tangential force, as other contribution forces are likely of greater importance.
Longitudinal arterial movement is indeed though to be coupled mostly with radial displacement (i.e.,
longitudinal  displacement  induced  by  radial  systolic  stretching,  or  radial  mechanically  induced
longitudinal displacement), with only wall shear stress being a relatively minor contributor (Hodis and
Zamir 2011). We propose that for large elastic arteries, such as the common carotid artery, the wall
longitudinal displacement  may be induced by a first  protosystolic backward motion caused by the
apical motion of the aortic valve annulus, and a second mesosystolic backward motion caused by the
reflected wave. 

SUMMARY 

Carotid  longitudinal  displacement,  i.e.,  the  longitudinal  movement  of  the  arterial  wall  during  the
cardiac  cycle,  is  potentially  an  alternative  and/or  complementary  measure  to  other  noninvasive
measures  of  arterial  health.  In  this  study,  we have  presented  a  specific  speckle  tracking approach
guided by contour segmentation, dedicated to assess the carotid wall 2-D displacement in ultrasound B-
mode in vivo sequences. Furthermore, we have shown that carotid longitudinal displacement is reduced
in  Indigenous  Australians  with  periodontal  disease  compared  with  a  Caucasian  group  at  low
cardiovascular  risk,  independent  of  established  cardiovascular  risk  factors,  cross-sectional  carotid
stiffness  and  subclinical  carotid  atherosclerosis.  The  strongest  correlates  of  carotid  longitudinal
displacement in those with periodontal disease were aging, adiposity and blood pressure. Accordingly,
carotid longitudinal displacement may provide information concerning the vascular abnormalities that
accompany  cardiovascular  risk  factors  complementary  to  that  obtained  from existing  noninvasive
methodologies. 
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