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 Purpose: To determine the extent of thickening of the carotid arterial 
walls that may be accommodated by outward remodeling.

 Materials and 
Methods: 

Institutional review board approval was obtained at each 
participating site, and informed consent was obtained from 
each participant. All study sites conducted this study in 
compliance with HIPAA requirements. A total of 2066 par-
ticipants (age range, 60–85 years) from the Atheroscle-
rosis Risk in Communities (ARIC) study were enrolled in 
the ARIC Carotid MRI Study. Maximum wall thickness and 
luminal area were measured with gadolinium-enhanced 
magnetic resonance (MR) imaging in both common ca-
rotid arteries (CCAs) and in one internal carotid artery 
(ICA) 2 mm above the fl ow divider. Complete data were 
available for 1064 ICAs and 3348 CCAs. The associa-
tion of maximum wall thickness with lumen area was 
evaluated with linear regression, and adjustments were 
made for participant age, sex, race, height, and height 
squared  .

 Results: In the ICA, lumen area was relatively constant across 
patients with a wall thickness of 1.38 mm or less  . In 
patients with a wall thickness of more than 1.38 mm, 
however, lumen area decreased linearly as wall thickness 
increased. Wall area represented a median of 61.9% of 
the area circumscribed by the vessel at a maximum wall 
thickness of 1.50 mm  6  0.05 (standard deviation) and 
75.4% at a maximum wall thickness of 4.0 mm  6  0.10. 
In the CCA, lumen area was preserved across wall thick-
nesses less than 2.06 mm, representing 99% of vessels.

 Conclusion: Atherosclerotic thickening in the ICA appears to be 
accommodated for vessels with a maximum wall thickness 
of less than 1.5 mm. Beyond this threshold, greater thick-
ness is associated with a smaller lumen. The CCA appears 
to accommodate a wall thickness of less than 2.0 mm. 
These estimates indicate that the carotid arteries are able 
to compensate for a greater degree of thickening than are 
the coronary arteries.
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 Participants in the ARIC Carotid MRI 
Study were selected from among the 
surviving ARIC study participants with a 
stratifi ed sampling plan on the basis of 
the most recent IMT and fi eld center. 
The goal was to recruit 1200 participants 
with high values of maximum carotid ar-
tery IMT (maximum over six sites: left 
and right CCA, carotid bifurcation, and 
ICA) at their most recent US examination 
(examination 3 or 4, performed between 
1993 and 1995 or between 1996 and 
1998, respectively) and 800 individuals 
who were selected randomly from among 
the remaining eligible participants. Field 
center–specifi c cutoff points of carotid 
IMT were adjusted over the recruitment 
period to approximately achieve this 
goal, with 100% sampling above the cut-
off point and a sampling fraction (16.5%–
25.5%) below the cutoff point. The cutoff 
point was 1.135 mm in Forsyth County, 
NC; 1.000 mm in Jackson, Miss; 1.280 
mm in suburban Minneapolis, Minn; and 
1.215 mm in Washington County, Md; 
representing the 73rd, 69th, 73rd, and 
68th percentiles of maximal IMT from 
examination 4, respectively. 

 Persons who were not black or white 
( n  = 10 in Forsyth County, NC) were 
excluded from the selection process, as 

are unclear ( 3,4 ). Plaque rupture in the 
carotid arteries leads to cerebrovascu-
lar disease, typically from distal embo-
lization. Inadequate accommodation of 
plaque in a carotid vessel, however, may 
compromise the lumen and contribute 
to cerebral hypoperfusion. 

 On the basis of ultrasonographic 
(US) measurements of the lumen diam-
eter and intima-media thickness (IMT), 
we reported greater compensatory re-
modeling in the CCA, which is an elastic 
vessel, than in the more muscular in-
ternal carotid artery (ICA) ( 5 ). This 
fi nding was replicated in patients with 
coronary artery disease ( 6 ), but evi-
dence of differential remodeling from 
population-based studies is limited. 
The known measurement limitations of 
US, including the lack of circumferen-
tial measurements of wall thickness and 
lumen area with measurements limited 
to arterial walls perpendicular to the 
imaging axis, also limit the conclusions 
that can be drawn from these studies. 

 The purpose of this study was to de-
termine the extent of thickening of the 
carotid arterial walls that may be accom-
modated by outward remodeling. 

 Materials and Methods 

 Study Population 
 Institutional review board approval for 
this study was obtained at each partici-
pating site, and informed consent was 
obtained from each participant. All sites 
conducted this study in compliance with 
the Health Insurance Portability and 
Accountability Act. Study participants 
were selected from the Atherosclerosis 
Risk in Communities (ARIC) study co-
hort ( 7 ). The ARIC study is a prospective 
biracial observational cohort of 15 792 
individuals aged 45 to 64 years recruited 
from a probability sample of four com-
munities (Forsyth County, NC; Jackson, 
Miss; suburban Minneapolis, Minn; and 
Washington County, Md). Participants 
took part in clinic examinations, starting 
with a baseline visit between 1987 and 
1989 and continuing with three follow-up 
examinations at approximately 3-year 
intervals, at which point carotid artery 
IMT was measured with B-mode US ( 8 ). 

            Thickening of the arterial wall may 
be accommodated by outward re-
modeling of the vessel, thereby 

preserving the luminal area. One must 
understand the relationship between 
the luminal area and vessel wall dis-
ease to understand the natural history 
of atherosclerotic lesions and interpret 
angiographic fi ndings, which focus on 
the vessel lumen. Beyond a threshold in 
plaque growth, however, this compensa-
tory remodeling may be inadequate to 
fully maintain the lumen, and any fur-
ther increase will result in luminal nar-
rowing. In the left main coronary artery, 
this threshold has been reported as the 
point at which the vessel wall area com-
prises 40% of the area circumscribed 
by the internal elastic lamina. Results 
of pathologic analyses suggest that the 
proportion of the vessel wall area that 
can be accommodated by outward re-
modeling in the common carotid artery 
(CCA) is quantitatively similar to that 
of the coronary arteries ( 1 ). 

 Although outwardly remodeled cor-
onary arteries accommodate plaque 
growth in the vessel wall, they may be 
particularly vulnerable to plaque rupture, 
and they are associated with acute coro-
nary syndromes ( 2 ). The clinical corre-
lates of remodeling in carotid arteries 

 Advances in Knowledge 

 Accommodation of mural thick- n

ening by outward remodeling of 
the vessel occurs in the carotid 
arteries, such that the lumen is 
preserved until thickening 
exceeds a threshold; however, 
the extent of thickening that can 
be accommodated differs 
between the internal carotid 
artery (ICA) and the common 
carotid artery (CCA). 

 Thickening of the ICA wall  n

appears to be accommodated for 
vessels with a maximum wall 
thickness of less than 1.5 mm; 
beyond this threshold, greater 
thickness is associated with a 
smaller lumen. 

 The CCA appears to accommo- n

date a wall thickness of less than 
2.0 mm. 
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5 minutes after the intravenous injection 
of gadodiamide (0.1 mmol per kilogram 
of body weight; Omniscan, GE Health-
care, Prineton, NJ) with a power injec-
tor. The inversion time was changed to 
200 msec for postcontrast images to en-
able blood signal suppression. A trans-
verse T1-weighted black-blood MR sec-
tion was acquired through each distal 
CCA, positioned 1.5 cm below the fl ow 
divider, and oriented perpendicular to 
the vessel axis ( Fig 1 ). Sixteen contrast-
enhanced transverse T1-weighted black-
blood MR images (total longitudinal 
coverage, 3.2 cm) were then acquired 
through the carotid bifurcation found 
to have the greatest maximum wall 
thickness at the participant’s most 
recent US examination ( Fig 2  ). If the 
contralateral carotid bifurcation wall 
appeared thicker to the MR imaging 
technologist on the MR angiographic 
source images or more stenotic on the 
MR angiographic maximum intensity 
projection images, however, this vessel 

 MR Imaging Methods 
 Black-blood MR images were acquired 
by using a two-dimensional cardiac-
gated double inversion-recovery fast 
spin-echo sequence that was based 
on a standardized protocol ( 9,10 ) and 
the following parameters: fi eld of view, 
13 cm; section thickness, 2 mm; matrix, 
256  3  224; echo train length, 10; one 
signal acquired; and acquired resolution, 
0.51  3  0.58  3  2 mm. Three long-axis 
black-blood MR imaging sections (repe-
tition time msec/echo time msec/inver-
sion time msec, two R-R intervals/5/600) 
were acquired through each carotid ar-
tery bifurcation by using a time-of-fl ight 
MR angiogram as a scout image ( Fig 1  ). 
The black-blood MR image that best 
depicted the bifurcation, including the 
fl ow divider, was used to orient all 
transverse T1-weighted black-blood MR 
images. The transverse sections were 
acquired (repetition time msec/echo time 
msec, one R-R interval/5) with chemi-
cal suppression of fat signal before and 

were those without IMT measurements 
at examination 3 or 4 ( n  = 1428). A 
total of 4306 persons were contacted 
and invited to participate in the study. 
Of these, 1403 refused, 837 were in-
eligible, and 2066 participated (1250 
with high IMT, 816 with low IMT). 
Participants with contraindications to 
magnetic resonance (MR) imaging or 
contrast media were excluded ( n  = 206), 
as were participants who had diffi culty 
understanding questions or providing 
informed consent ( n  = 51), those who 
had undergone prior carotid revascu-
larization on either side (for the low 
IMT group) or on the side selected 
for imaging (for the high IMT group) 
( n  = 58), and those who could not 
participate because of a self-reported 
health problem ( n  = 486) or another 
reason ( n  = 36). Of the 2066 partici-
pants, 1939 had undergone MR imag-
ing, and 1769 MR studies were of suf-
fi cient quality and adherence to the MR 
imaging protocol to merit inclusion. 

 Figure 1 

  
  Figure 1:  Black-blood MR images through the CCAs of a 71-year-old man.  (a, b)  Long-axis images through the  (a)  right and  (b)  left carotid bifurcation were 
used to orient subsequent images.  (c, d)  Contrast material–enhanced T1-weighted transverse images through the  (c)  right and  (d)  left CCA were positioned 
1.5 cm below the fl ow divider (yellow lines in  a  and  b ).  (e, f)  Magnifi cations of  c  and  d . Contours were drawn to delineate the lumen (red circle) and outer 
wall (green circle) on each image, and the wall was automatically divided into 12 radial segments (white lines). Wall thickness measurements (average of the 
yellow line thicknesses) and area measurements were generated for each segment and for the entire wall; area measurements were generated for the lumen.   
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studies that failed were not analyzed. 
Postcontrast black-blood MR images 
were analyzed by using semiautomated 
analysis software, as described previ-
ously ( 11 ). The vessel walls were divided 
into 12 radial segments at each section, 
thickness measurements were taken 
for each segment, and maximum seg-
mental wall thickness was used for all 
analyses. The percentage of stenosis 
was measured by using North American 
Symptomatic Carotid Endarterectomy 
Trial criteria ( 12 ) and based on the 
time of fl ight MR angiogram maximum 
intensity projection images, unless poor 
image quality precluded interpretation 
(7%, 143 participants), in which case the 
contrast-enhanced MR angiogram maxi-
mum intensity projections were used. 

 Statistical Methods 
 All analyses were weighted by the inverse 
of the sampling fractions in the eight sam-
pling strata (four fi eld centers times two 
IMT groups), such that data from indi-
viduals in strata that were proportionally 
underrepresented (low IMT group) were 
given less weight in the analyses than 
were data from individuals in strata that 
were overrepresented (high IMT group, 
which had a sampling fraction of 100%). 
The sampling fractions were based on 
those persons actually screened for par-
ticipation rather than on those persons 
invited to participate. Analyses were per-
formed by an author (L.E.C., 28 years 
of experience) with SAS (release 9.1; 
SAS Institute, Cary, NC) and SUDAAN 
(release 9.0; RTI International, Research 
Triangle Park, NC) software. Analyses 
were performed separately for the se-
lected ICA and both CCAs. Left and 
right CCAs were combined, and analyses 
accounted for within-person correlation. 

 The association of maximum wall 
thickness with lumen area was evaluated 
with linear regression. We adjusted for 
participant age, sex, race, height, and 
height squared because of the strong 
association of height with both vessel 
measurements. The mean values pre-
sented from these models are adjusted 
to the study population means for all 
covariates. The proportion of the total 
vessel area represented by the vessel 
wall was calculated for several windows 

 Image Analysis 
 Seven analysts were trained by an author 
(B.A.W., 12 years of experience) to 
interpret the MR images with semiau-
tomated software (VesselMASS; Divi-
sion of Image Processing, Radiology 
Department, Leiden University Medical 
Center, Leiden, the Netherlands). The 
analysts were blinded to the character-
istics of the study participants. All stud-
ies were graded for image quality and 
adherence to the imaging protocol, and 

was selected for the multisection acqui-
sition. The sections were oriented per-
pendicular to the vessel axis and cen-
tered at the thickest part of the carotid 
bifurcation or through the fl ow divider 
if no plaque was present. Analyses were 
repeated after excluding 34 vessels that 
were oriented obliquely ( � 25%), with 
nearly identical results. We used ICA 
measurements from the section located 
one section (2 mm) above the fl ow 
divider for the present analysis. 

 Figure 2 

  
  Figure 2:  Black-blood MR images obtained through the carotid bifurcation plaque of the same 71-year-old 
man as in Figure 1.  (a)  Long-axis image through the thicker carotid bifurcation was selected to orient 16 
contrast-enhanced T1-weighted transverse black-blood MR images (yellow lines) centered at the thickest 
wall or plaque.  (b)  For this study of remodeling, only the image located one section (2 mm) above the fl ow 
divider (blue line in  a ) was analyzed.  (c, d)  Contours were drawn to delineate the lumen (red circle), outer wall 
(green circle), and lipid core (blue line), and the wall was automatically divided into 12 radial segments 
(white lines in  d ); thickness and area measurements were generated.   
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the ICA. The best-fi tting location for 
a single knot in a linear spline model 
was at a maximum wall thickness of 
1.38 mm. A total of 68.8% of vessels 
had a maximum wall thickness below 
this value, whereas 31.2% had a maxi-
mum wall thickness above this value. 
Below this value, each 1 mm greater 
maximum wall thickness was associ-
ated with a 2.2 mm 2  (95% confi dence 
interval:  2 3.4, 7.8) greater adjusted 
lumen area. Above this value, each 
1 mm greater maximum wall thickness 
was associated with an 8.7 mm 2  (95% 
confi dence interval: 7.4, 10.1) smaller 
lumen area ( P   ,  .001 for difference of 
slope). The location of the best-fi tting 
knot for the CCA was at a wall thick-
ness of 2.06 mm ( Fig 5  ). Only 1.0% of 
CCAs had a maximum wall thickness 
greater than this value. The slope of 
change in lumen area for each 1 mm 
greater maximum wall thickness below 
this value (1.4 mm 2 ; 95% confi dence 
interval:  2 0.4, 3.2) differed signifi cantly 
( P  = .04) from the slope above this 
value ( 2 6.0 mm 2 ; 95% confi dence 
interval:  2 12.8, 0.8). Also shown on the 

having a carotid stenosis of at least 50%. 
The weighted population mean ICA maxi-
mum wall thickness was 1.43 mm, and the 
mean ICA lumen area was 43.5 mm 2 . Each 
1 cm greater height was associated with 
a 0.40 mm 2  greater ICA lumen area after 
adjusting for sex and race. The weighted 
population mean CCA maximum wall 
thickness was 0.95 mm, and the mean 
CCA lumen area was 38.5 mm 2 . 

 The adjusted mean ICA lumen area 
was relatively constant for all maximum 
wall thickness categories less than 
1.5 mm but was smaller with greater 
thickness above this value ( Fig 3  ). 
Adjusted mean CCA lumen diameters 
were slightly smaller than those for the 
ICA at every wall thickness category 
and remained relatively constant across 
all maximum wall thickness categories. 
The mean lumen area of the CCA was 
smaller than that of the ICA because 
the CCA was imaged 1.5 cm below the 
carotid bulb and the ICA was imaged 
2 mm above the fl ow divider and there-
fore included the carotid bulb. 

  Figure 4   shows the adjusted lumen 
area and maximum wall thickness for 

of maximum wall thickness, each either 
0.10 or 0.20 mm in width. Linear spline 
regression models were adjusted for age, 
sex, race, height, and height squared. 
They were used to identify the location 
of the single knot in terms of maximum 
wall thickness that resulted in the best-
fi tting model. Additional knots that signifi -
cantly ( P   ,  .05) improved model fi t were 
also located. Model fi t was determined 
by calculating the coeffi cient of determi-
nation for multivariate analysis ( R  2 ). 
Additional models for fi gures included 
a third-order polynomial and a piecewise 
polynomial (linear at the ends, cubic 
otherwise) with knots (joint points) set 
at the 5th, 25th, 50th, 75th, and 95th 
percentiles. Individual data points on 
the fi gures also were adjusted to the 
mean values for the covariates by fi tting 
a model of age, sex, height, and height 
squared on lumen area and adding the 
residuals to the mean lumen area. Be-
cause of hetroscedasticity (nonconstant 
variance of wall thickness across the 
range of lumen area), the following 
transformation was used before fi tting 
these models:  Y  =  L (WT max  + 1), where 
 Y  is the transformed value,  L  is lumen 
area, and WT max  is maximum wall thick-
ness. Results were transformed back to 
the original scale for presentation. 

 Outliers were excluded from regres-
sion analyses and values and were defi ned 
as follows: CCAs had a maximum wall 
thickness greater than 5.0 mm, a lumen 
area greater than 109 mm 2 , or both a 
maximum wall thickness greater than 
2.14 mm and a lumen area greater than 
95 mm 2  ( n  = 4). ICAs had a lumen area 
greater than 110 mm 2  ( n  = 4) or a maxi-
mum wall thickness greater than 5.3 mm 
and a transformed value greater than 
4.0 mm 3  ( n  = 6). 

 Results 

 Maximum wall thickness and lumen area 
measurements were available for 1064 
selected ICAs and 3348 CCAs (both CCAs 
were imaged). The weighted population 
mean age of participants with data from 
any vessel was 70.3 years ( Table 1  ). A total 
of 56.5% of participants were women, 
and 19.0% were black. An estimated 
1.3% of participants were identifi ed as 

 Table 1 

 Characteristics of 1769 Participants in the ARIC Carotid MR Imaging Study 

Characteristic Value

Age (y) 70.3  6  5.5
Female (%) 56.5
Black (%) 19.0
History of cardiovascular disease (%) 10.9
Diabetes (%) 18.8
Systolic blood pressure (mm Hg) 125.5  6  18.8
Diastolic blood pressure (mm Hg) 66.9  6  10.3
Hypertension (%) 62.7
Taking hypertension medication (%) 55.7
Current smoker (%) 7.8
Low-density lipoprotein cholesterol (mg/dL) * 115.2  6  34.9
High-density lipoprotein cholesterol (mg/dL) * 50.3  6  14.9
Triglycerides (mg/dL)  †  149.7  6  84.3
Total cholesterol (mg/dL) * 194.5  6  41.2
Cholesterol medication (%) 43.3
Body mass index (kg/m 2 ) 28.4  6  4.9
Waist circumference (cm) 100.0  6  13.9
Plasma glucose (mg/dL)  ‡  108.1  6  28.1

Note.— Unless otherwise indicated, data are means  6  standard deviations.

* To convert to Systéme International units (millimoles per liter), multiply by 0.02586.

 †  To convert to Systéme International units (millimoles per liter), multiply by 0.01129.
 ‡  To convert to Systéme International units (millimoles per liter), multiply by 0.05551.
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when the plaque burden, defi ned histo-
logically as the percentage of the area 
circumscribed by the internal elastic 
lamina occupied by plaque, reached 
40%. We were not able to defi ne the 
internal elastic lamina with MR imag-
ing, so our vessel wall included the media 
and adventitia, whereas the plaque mea-
surements reported by Glagov et al ( 13 ) 
included only the intima. This differ-
ence may be small in vessels with large 
plaque, where the greatly enlarged intima 
represents a larger proportion of the total 
vessel wall, but it would be more impor-
tant in vessels without a large plaque. 
This difference in methods, however, 
cannot fully explain the difference in the 

greater maximum wall thickness asso-
ciated with an average reduction in lu-
men area of approximately 8.6 mm 2 , 
corresponding to an approximately 20% 
reduction in lumen area. The CCA ap-
peared to accommodate increased wall 
thickness more effectively, with no signif-
icant reduction in lumen area for a wall 
thickness up to 2.06 mm, which was the 
99th percentile in our study population. 

 At the 1.38-mm threshold, where 
greater ICA wall thickness began to be 
associated with reduced luminal area, 
we estimated that 62% of the total ves-
sel area was occupied by the vessel wall. 
Glagov et al ( 13 ) estimated that coro-
nary artery lumens began to narrow 

ICA fi gure is the lumen area predicted 
with the polynomial and restricted cu-
bic spline models, which closely resem-
ble the results of the single-knot linear 
spline models. These additional models 
were not signifi cantly different from the 
linear spline model for the CCA. 

 At a maximum ICA wall thickness 
of 1.00 mm  6  0.05 (standard devia-
tion), the median proportion of the 
total vessel area that was represented 
by the vessel wall was 59.4% ( Table 2  ). 
This value was similar for maximum 
wall thickness values near the identifi ed 
threshold of 1.38 mm but increased at 
maximum wall thickness values greater 
than 1.50 mm. The proportion of the 
total CCA area that was represented by 
the vessel wall changed minimally over 
the range of maximum CCA wall thick-
nesses ( Table 3  ). 

 Discussion 

 We observed compensatory remodel-
ing of the ICA associated with greater 
maximum wall thickness without a re-
duction in lumen area until the maxi-
mum wall thickness exceeded 1.38 mm, 
which was the 69th percentile in a 
population-based sample with a mean age 
of 71 years. Above that value, greater 
maximum wall thickness was associated 
with a smaller lumen area, with each 1 mm 

 Figure 4 

  
  Figure 4:   Graph shows adjusted ICA lumen area by maximum wall thickness. 
The regression line was calculated with a linear spline regression model and 
adjusted for age, sex, race, height, and height squared, with a knot at 1.38 mm.   

 Figure 3 

  
  Figure 3:  Graph shows adjusted mean lumen area by grouped maximum 
wall thickness and artery. Predicted values and 95% confi dence intervals were 
calculated with a linear regression model and adjusted for age, sex, race, 
height, and height squared.   

 Figure 5 

  

  Figure 5:   Graph 
shows adjusted CCA 
lumen area by maximum 
wall thickness. The 
regression line was 
calculated with a linear 
spline regression model 
and adjusted for age, 
sex, race, height, and 
height squared, with 
knots at 0.88 mm and 
2.06 mm.   
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unreadable images. We as sumed that 
these data were missing at random 
with respect to remodeling and did not 
affect our results. We limited our analysis 
of the ICA to a single section, located 2 mm 
above the fl ow divider, to achieve maxi-
mum comparability between subjects. 

 Our fi ndings are relevant to the cere-
brovascular diseases that are associated 
with extracranial atherosclerosis. Carotid 
atherosclerosis is associated with not only 
clinical stroke but also silent infarcts and 
white matter disease ( 23,24 ), and the 
mechanisms probably relate to plaque 
rupture, with artery-to-artery emboli or 
thrombotic occlusion with hypoperfu-
sion of deep subcortical watershed zones 
( 25 ). In the coronary artery, outward 
remodeling of the coronary artery is re-
lated to arterial plaque rupture and acute 
coronary events ( 2,26,27 ). This is not 
unexpected, since outwardly remodeled 
vessels have more hemorrhage ( 28 ) and 
more evidence of infl ammation, includ-
ing those factors thought to affect plaque 
vulnerability: macrophages, lymphocyte 
T cells, and matrix metalloproteinases 
( 28–30 ). Hermans et al ( 17 ) recently 
showed that outward remodeling of the 
CCA is associated with increased cir-
cumferential wall tension, which, in turn, 
has been linked to large artery stroke ( 4 ). 
Although we do not know the factors that 
cause the opposite remodeling process 
(failure to accommodate a large plaque), 
the risk associated with carotid stenosis, 
cerebral hypoperfusion with watershed 
infarcts, is clear ( 25,31,32 ). 

 Limitations of this study included 
the fact that we were not able to defi ne 
the internal elastic lamina with MR imag-
ing, thus our vessel wall included both the 
media and the adventitia, whereas the 
plaque measurements reported by Glagov 
et al ( 13 ) included only the intima. While 
this difference is small in vessels with large 
plaque, where the greatly enlarged intima 
represents a larger proportion of the total 
vessel wall, it is more important in vessels 
without a large plaque. This difference in 
methods, however, cannot fully explain the 
difference in the results that we observed 
in carotid arteries compared with those ob-
served in coronary arteries. Details about 
interreader variability appear elsewhere 
( 11 ) and are not provided in this analysis. 

 Available literature on remodeling 
in the carotid artery is limited ( 5,6 ). The 
fi ndings of a clinical study in patients 
with more severe disease than was found 
in our study population agree with our 
fi nding of less accommodation in the 
ICA than in the CCA ( 6 ). Other studies, 
which were restricted to the CCA, yielded 
confl icting results. While some studies 
showed that the common carotid lumen 
was reduced ( 15 ), did not vary across 
categories of US-assessed IMT ( 3,16,17 ), 
or remained stable until an IMT thresh-
old was reached ( 18,19 ), others actually 
showed overcompensation (larger lu-
mens with greater IMT) ( 6,20–22 ). 

 Remodeling of the carotid arteries 
has not been previously studied in liv-
ing populations with MR imaging, as 
previous studies have relied on two-
dimensional US imaging. While US offers 
better resolution, the directionality of 
the beam limits reliability of measure-
ments for portions of the vessel wall 
that are not perpendicular to the trans-
ducer. We were able to use the maxi-
mum wall thickness of any radial seg-
ment rather than being limited to far wall 
values. The use of MR imaging, however, 
resulted in a relatively high number of 

results that we observed in carotid ar-
teries compared with those observed in 
coronary arteries. These estimates sug-
gest that the ICA is able to compensate 
for a greater degree of thickening than 
are the coronary arteries. Our results 
agree closely with those from a smaller 
study in which black-blood MR imaging 
was used and in which it was estimated 
that 63.1% of the total ICA vessel area 
was occupied by the vessel wall when 
0% area stenosis was observed with 
contrast-enhanced MR angiography ( 14 ). 

 Pasterkamp et al ( 1 ) also reported 
that remodeling varied among vascular 
beds. They examined 329 arteries from 
49 autopsies and found that outward re-
modeling occurred in all arterial beds and 
that the degree of plaque area accom-
modation by outward remodeling was 
similar in the coronary artery and the 
CCA (an estimated 77% of plaque area 
for both). However, we found signifi cantly 
less accommodation in the ICA than in 
the CCA. It is impossible to tell from our 
data whether this difference was due to 
compositional differences between the 
vessels (the CCA is more elastic than 
the ICA) or differences in size (the CCA 
is a larger vessel than the ICA). 

 Table 2 

 Proportion of Total Vessel Area Represented by Wall Area in the ICA 

Maximum Wall Thickness (mm) * No. of Participants Median (%) Interquartile Range (%)

1.00  6  0.05 103 59.4 58.7–60.5
1.25  6  0.05 43 61.5 60.4–62.6
1.50  6  0.05 25 61.9 60.9–63.3
2.00  6  0.05 17 64.4 61.3–67.4
2.50  6  0.05 16 64.7 63.2–66.5
3.00  6  0.05 11 67.5 66.9–74.4
4.00  6  0.10 10 75.4 75.4–78.8

 *  Data are means  6  standard deviations.

 Table 3 

 Proportion of Total Vessel Area Represented by Wall Area in the CCA 

Maximum Wall Thickness (mm) * No. of Participants Median (%) Interquartile Range (%)

1.00  6  0.05 529 60.6 59.6–61.7
1.25  6  0.05 173 62.4 61.0–63.5
1.50  6  0.05 56 64.3 63.0–64.9
2.00  6  0.05 14 65.2 63.6–67.7

* Data are means  6  standard deviations.
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 We have described the relationship 
between carotid artery wall thickness 
and luminal area in a large general popu-
lation sample of older adults. These fi nd-
ings yield important information neces-
sary for the informed interpretation of 
angiographic images, which depict only 
the vessel lumen. It is critical to under-
stand the relationship between vessel 
wall thickness and luminal area and the 
factors that affect it in order to advance 
our knowledge about the natural history 
of atherosclerotic lesions and the asso-
ciated risks for cerebrovascular events. 
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