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SUMMARY – In this study, we compared the measurement of carotid stenosis by computed to-
mography angiography (CTA) based on the narrowest diameter versus cross sectional area (CSA) with 
the measurement by color Doppler ultrasonography (CDUS) as a reference standard, and analyzed 
how the application of different statistical methods affected the result. On 113 carotid arteries with 
≥50% stenosis, we quantified the level of correlation among the three measurements, sensitivity, spec-
ificity, and differences in the estimated stenosis level. Correlation between both CTA measurements 
was good with Pearson’s ρ between 0.87 and 0.91 (p<0.001). Correlation between CDUS and CTA 
measurements was only modest with Pearson’s ρ between 0.2 (p=0.075) and 0.4 (p=0,007) for CDUS 
CTA (CSA), and between 0.23 (p=0.062) and 0.39 (p=0.008) for CDUS CTA (diameter). Differ-
ences in stenosis between CTA (CSA) and CDUS were centered around 0%, and between CTA (di-
ameter) and CDUS around 20%. Sensitivity and specificity for CTA (CSA) method were 81% and 
77%, and for CTA (diameter) 23% and 100%, respectively. A good correlation between CSA and di-
ameter measurement just means that these are two related features of stenosis, it does not mean good 
agreement. CTA (CSA) method better detected surgical stenoses, whereas CTA (diameter) system-
atically underestimated stenosis level. The study of differences between the measurements indicated 
agreement better than the calculation of correlation coefficients.
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Introduction

According to large clinical studies, North Ameri-
can Symptomatic Carotid Endarterectomy Trial (NA-
SCET) and European Symptomatic Carotid Surgery 

Trial (ESCT), clinical decision regarding the indica-
tion for carotid endarterectomy is primarily based on 
the degree of carotid stenosis1,2. Therefore, accurate 
grading of stenosis is necessary for correct selection of 
patients for medical or surgical treatment. The gold 
standard in the evaluation of atherosclerotic carotid 
disease has been intra-arterial digital subtraction angi-
ography (DSA). However, because of the risk to the 
patient, in clinical practice many physicians tend to use 
less invasive methods such as color Doppler ultraso-
nography (CDUS), computed tomography angiogra-
phy (CTA), and magnetic resonance angiography 
(MRA)3-7. CDUS is more hemodynamically oriented 
and uses velocity criteria for stenosis grading, unlike 
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other methods that are more morphologically orient-
ed8-10. CTA and MRA have the ability to generate 
multiplanar views of the vessel and allow for visualiza-
tion of the vessel wall and surrounding tissue, when 
they are compared to DSA, which provides lumino-
grams11-15. NASCET and ESCT methodology were 
based on intra-arterial angiography and used the nar-
rowest diameter for stenosis grading. CTA enables 
analysis of stenosis in axial projection and allows for 
the measurement of the cross-sectional area (CSA) as 
a basis for calculating stenosis instead of the tradition-
ally used narrowest diameter16. All new CT scanners 
have vessel analysis software for automatic stenosis 
calculation, which is less operator dependent and bet-
ter reproducible than the manual method17,18. There are 
many studies that compare diagnostic methods in ste-
nosis evaluation, with different statistical approaches 
used to determine agreement between them. In this 
study, we compared CTA diameter based and CTA 
area based measurements with CDUS as a reference 
standard and analyzed how the application of different 
statistical methods affected the result.

Patients and Methods

We retrospectively collected examinations of extra-
cranial carotid arteries performed in our hospital using 
both CDUS and CTA methods from February 2014 
until July 2015. All patients underwent CTA examina-
tions as part of the institutional routine diagnostic 
workup and gave written informed consent. The study 
was approved by the institutional medical Ethics 
Committee as consistent with the Declaration of Hel-
sinki. The patients who underwent examinations had 
neurological symptomatology or were asymptomatic 
but at risk of atherosclerosis. Those with previous end-
arterectomy or stenting were not included in the anal-
ysis. During these 17 consecutive months, a total of 91 
patients were examined, 47 males and 44 females, 
mean age 71 (range 47-89) years. The mean interval 
between the CDUS and CTA examinations was 56 
days (not longer than 6 months). Out of 182 imaged 
carotid arteries, 113 had stenosis ≥50% as diagnosed 
by ultrasonography, and only these were taken for 
analysis in this study. The stenoses were classified into 
moderate (50%-69%) and severe (70%-99%), and were 
evaluated separately. There were 44 vessels in the group 
of moderate and 69 vessels in the group of severe ste-

nosis. Ultrasonographic reading served as a reference 
standard for CTA.

Color Doppler ultrasonography examinations were 
performed using ProSound Alpha 7 ultrasound system 
(Aloka, Mitaka, Tokyo, Japan) with a 7.5 MHz linear 
transducer, by five radiologists with a minimum of four-
year experience in ultrasonographic diagnostics. Grad-
ing of stenosis was done according to the good-quality 
criteria recommended by the Society of Radiologists in 
Ultrasound Consensus Conference in 20039. Each ca-
rotid artery was examined morphologically using B-
mode and color imaging, and hemodynamically using 
pulse-wave Doppler measurements. To define stenosis 
severity, the peak systolic velocity (PSV) was primarily 
used (PSV of 125 cm/s to indicate 50% stenosis and 
PSV of 230 cm/s to indicate 70% stenosis). End-dia-
stolic velocity and the internal carotid artery/common 
carotid artery ratio were used as additional parameters. 
Grading of stenosis was established by combining both 
the morphological and hemodynamic approach, and the 
degree of stenosis was expressed as percentage.

Computed tomography angiography examinations 
were performed using a Mx8000 Quad 4-detector-

Fig. 1. Quantification of an eccentric right carotid artery 
stenosis on CTA using AVA is shown. The software 
automatically outlined the residual and normal vessel 
lumen and calculated the degree of stenosis in terms of 
diameter reduction and area reduction. The area of 
residual lumen was 8.4 mm2, and the area of normal 
lumen was 25.9 mm2, resulting in 68% stenosis. The 
residual lumen diameter was 3.3 mm, and normal lumen 
diameter was 5.7 mm, resulting in 43% stenosis.
CTA = computed tomography angiography; AVA = Advanced Ves-
sel Analysis
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row CT system (Philips Medical System, Cleveland, 
Ohio, USA) and the images were interpreted by four 
experienced radiologists. We used a collimation of 1 
mm and reconstructed the overlapping sections of 1.2 
mm slice thickness at a reconstruction interval of 0.6 
mm. The scan started at the aortic arch and ended at 
the circle of Willis level. A total of 100 mL of the con-
trast medium (Xenetix 350, Ile-de-France, Paris, 
France) was injected at a flow rate of 4 mL/s. The scan 
was initiated by automated bolus triggering (Bolus Pro 
Ultra, Philips, Cleveland, Ohio, USA) with the region 
of interest placed in the aortic arch and Hounsfield 
unit threshold set at 100. The resulting images were 
sent to a dedicated CT workstation for further evalua-
tion. For quantification of stenosis we used NASCET 
methodology, comparing the most narrowed part of 
the vessel to the first normal distal arterial segment1. A 
radiologist defined the narrowest segment and the ref-

erential segment on the curved planar reformation im-
ages and measurements were performed on the cross-
sectional slices perpendicular to the long axis of the 
vessel. Calculation of stenosis was performed using the 
Advanced Vessel Analysis (AVA) automated program 
with commercially available post processing software 
(Extended Brilliance Workspace, version R.1.0.91, 
Philips Medical System, Cleveland, Ohio, USA), 
which evaluated the degree of stenosis based on the 
narrowest diameter and CSA expressing it as a per-
centage (Fig. 1).

Statistics

We visually presented empirical distribution of 
data from CDUS, CTA (CSA) and CTA (diameter) 
measurements. Further we presented relationships 
among the three measurements as a scatter plot for 
each pair (CDUS CTA (CSA), CDUS CTA (diame-

Fig. 2. Empirical distributions of stenosis measurements in the whole sample.
CDUS = color Doppler ultrasonography; CTA = computed tomography angiography; CSA = cross sectional area
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ter) and CTA (CSA) CTA (diameter), together with 
the estimated regression line and r2 coefficient of de-
termination from the regression. To quantify the level 

of correlation among the three measurements, we cal-
culated Pearson correlation coefficient (linear correla-
tion) and Kendall tau rank correlation (rank based, 

Fig. 3. Scatter plot of stenosis measurements by CDUS and CTA (CSA); red points denote 
patients with stenosis <70%, and blue triangles denote patients with stenosis >70%.
CDUS = color Doppler ultrasonography; CTA = computed tomography angiography; CSA = cross sectional area

Fig. 4. Scatter plot of stenosis measurements by CDUS and CTA (diameter); red points denote 
patients with stenosis <70%, and blue triangles denote patients with stenosis >70%.
CDUS = color Doppler ultrasonography; CTA = computed tomography angiography
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non-parametric), with the p-value from the test of no 
correlation between the methods. We further calcu-
lated differences in estimated stenosis level from all 3 
possible pairs of methods for each vessel. Using T or 
Wilcoxon test, we tested whether any distribution of 
differences had a central tendency at 0. To test the pre-
dictive power for detecting severe stenoses (70% or 
greater) requiring surgical intervention, we calculated 
sensitivity, specificity, positive predictive value (PPV) 
and negative predictive value (NPV) for both CTA 

methods. All statistical analyses were performed using 
R: A Language and Environment for Statistical Com-
puting.

Results

Figure 2 shows empirical distributions of stenosis 
measured by the three methods (CDUS, CTA (CSA) 
and CTA (diameter) for all patients. We can see that 
CDUS and CTA (CSA) measurements have more 
similar distribution when compared to the CDUS 
CTA (diameter) pair. There is a tendency of left shift 
of stenosis level by CTA (diameter) relative to CDUS 
measurements with smaller central tendency and larg-
er spread. The mean stenosis measured by CDUS 
method was 67.9%, with median 70%. In the measure-
ments by CTA (CSA) method, the mean stenosis was 
very similar, 68.4%, and median was also 70%. The 
CTA (diameter) measurements yielded the mean ste-
nosis of 47.2% and median of 45%, which is seen as a 
left shift in Figure 2; in clinical terms, it means under-
estimation of the stenosis level in comparison with ul-
trasonography.

Figures 3, 4 and 5 show correlation scatter plots of 
the pairs of stenosis measurements.

We fitted the regression line in each group of steno-
sis (moderate and severe) separately. The level of deter-
mination r2 shown in the figures is known to be nu-
merically equivalent to the square of Pearson correlation 
coefficient. We can see that the coefficients of determi-
nation between stenosis measurements, where one of 
them is coming from CDUS, are very low (0.159 for 
moderate group and 0.0466 for severe group between 
CDUS CTA (CSA), and 0.154 for moderate group and 
0.051 for severe group between CDUS CTA (diame-

Fig. 5. Scatter plot of stenosis measurements by CTA 
(CSA) and CTA (diameter); red points denote patients 
with stenosis <70%, and blue triangles denote patients 
with stenosis >70%.
CTA = computed tomography angiography; CSA = cross sectional 
area

Table 1. Pearson correlation coefficients for all three pairs of measurements

CDUS CTA (CSA)
<70% 70%-99% <70% 70%-99%

CTA (CSA)
<70% 0.4 (p=0.007)
70%-99% 0.2 (p=0.075)
CTA (diameter)
<70% 0.39 (p=0.008) 0.91 (p<0.001)
70%-99% 0.23 (p=0.062) 0.87 (p<0.001)

CDUS = color Doppler ultrasonography; CTA = computed tomography angiography; CSA = cross sectional area; bold = statistically 
 significant
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ter)). Opposite to that, the coefficients of determination 
between two CTA methods are much higher (0.836 for 
moderate and 0.752 for severe group of stenosis).

Tables 1 and 2 show the values of estimated Pear-
son’s ρ and Kendall’s tau correlation coefficients. Lin-
ear and monotone rank based correlations were higher 
between both CTA measurements. Pearson ρ was 0.87 
and 0.91 (p<0.001 both) for severe stenosis and mod-
erate stenosis, respectively. Kendal’s tau in these two 
groups was very similar for this pair of measurements 
(0.86 and 0.87 (p<0.001 both)). A less expressed and 
very similar degree of correlation was found between 
CDUS and both CTA measurements. In the nonsur-
gical group of stenosis, Pearson’s ρ was 0.4 and 0.39 
with p-values of 0.007 and 0.008 for CDUS CTA 
(CSA), and CDUS CTA (diameter), respectively. 
Kendall’s tau for the same pairs in the same group was 
0.36 and 0.36 with p-values of 0.003 and 0.008. In the 
surgical group of stenosis, we could not reject the hy-

pothesis of Pearson correlation coefficient significantly 
different from 0 to the level of 0.05. Numerical esti-
mates here were around 0.2 for both CTA measure-
ments relative to CDUS. Kendall’s tau was very similar 
between the same pairs for the same group but in this 
case the monotone rank correlation was significant at 
the level of 0.05.

Table 3 presents means and medians of differences 
in stenosis from all 3 possible pairs of methods with 
the corresponding p-values from the test of the hy-
pothesis that the central tendency of their distribution 
is 019. The first row in Table 3 shows means and medi-
ans together with the tests of differences for all vessels 
in the sample. The central tendency of the distribution 
of differences between CDUS and CTA (CSA) mea-
surements is around 0, with the mean of -0.4% and 
median of 0%. Opposite to that, both pairs which in-
volve CTA (diameter) stenosis measurements are cen-
tered towards 20%, with significant p-values (p<0.001).

Table 2. Kendall tau rank correlation coefficients for all three pairs of measurements

CDUS CTA (CSA)
Less than 70% 70% - 99% Less than 70% 70% - 99%

CTA (CSA)
<70% 0.36 (p=0.003)
70%-99% 0.23 (p=0.02)
CTA (diameter)
<70% 0.36 (p=0.008) 0.85 (p<0.001)
70%-99% 0.2 (p=0.03)   0.86 (p<0.001)

CDUS = color Doppler ultrasonography; CTA = computed tomography angiography; CSA = cross sectional area; bold = statistically 
 significant

Table 3. Location and spread parameters of distribution of differences in stenosis measurements (p-values from 
Student’s T-test and Wilcoxon rank sum test (in parentheses) (the table was published in 2018 in Insights into 
Imaging19)

All stenoses Stenosis 50%-69% Stenosis 70%-99% 
Mean 
(SD)

Median 
(IQR) p-value Mean 

(SD)
Median 
(IQR) p-value Mean 

(SD)
Median 
(IQR) p-value

CDUS-CTA 
(CSA)

-0.4 
(11.8)

0  
(-5, 5)

0.68 
(0.33)

-4.5 
(10.1)

-2.5
(-12.5, 0)

0.005 
(0.004)

2.1 
(12.0)

0  
(-5, 10)

0.14 
(0.22)

CDUS-CTA 
(diameter)

20.7 
(14.2)

22
(10, 28)

<0.001 
(<0.001)

17.3 
(9.9)

20  
(10, 24)

<0.001 
(<0.001)

22.9 
(16.0)

25
(20, 32)

<0.001 
(<0.001)

CTA (CSA)-CTA 
(diameter)

21.2
(7.1)

24
(20, 25)

<0.001 
(<0.001)

21.7 
(4.5)

23  
(20, 25)

<0.001 
(<0.001)

20.8 
(8.4)

24
(18, 25)

<0.001 
(<0.001)

CDUS = color Doppler ultrasonography; CTA = computed tomography angiography; CSA = cross sectional area; SD = standard deviation; 
IQR = interquartile range
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The second and third rows in Table 3 present the 
same analysis within the moderate and severe stenosis 
group separately with similar results. Each of the two 
pairs involving CTA (diameter) measurements had the 
central tendency of the distribution of differences 
around 20%, with the bias between 17.3% and 22.9% 
when measured by mean and between 20% and 25% 
when measured by median. CTA (CSA) method 
slightly but significantly overestimated true stenosis in 
moderate stenosis group, with the mean difference of 
-4.5% and p-value <0.005. In severe stenosis group, 
the mean difference between CDUS and CTA (CSA) 
was around 2% with a nonsignificant p-value.

Two standard deviations of differences (SDD) be-
tween CDUS and CTA (diameter) measurements in 
the group of 70%-99% stenosis was 32%, which means 
large dispersion of data from the mean. The interval of 
two standard deviations of differences for the CDUS 
CTA (CSA) pair was 24%, meaning better central ten-
dency of these differences.

Comparison of CTA (CSA) method with CDUS 
in detecting severe stenosis yielded a sensitivity of 
81%, specificity of 77%, PPV of 84%, and NPV of 
72%. Sensitivity of CTA (diameter) method was low, 
only 23%, specificity was perfect (100%), PPV was also 
100%, and NPV was only 45%. Low sensitivity and 
perfect specificity of the CTA (diameter) method were 
to be expected because this method systematically un-
derestimated the true level of stenosis, so all patients 
that were really in nonsurgical group were classified as 
such by this method. The predictive power of the CTA 
(CSA) method was therefore significantly higher than 
the one of CTA (diameter) for correctly classifying 
vessels for surgical intervention.

Discussion

In many centers, evaluation of carotid stenosis is 
based on two noninvasive methods before proceeding 
to endarterectomy, and CDUS and CTA are most 
commonly used. The optimal statistical approach in as-
sessing agreement between two methods of clinical 
measurement is not always easy to choose. When we 
calculated the correlation coefficients to evaluate the 
relationship between two CTA methods and CDUS 
as a surrogate for true stenosis, we found only modest 
correlation, very similar for the CDUS CTA (CSA) 
and CDUS CTA (diameter) pairs. We expected the 

correlation coefficients to be higher, and were com-
pletely surprised by these findings. When we look at 
Figure 2, which shows the distribution of stenosis, we 
can see that stenoses measured by CDUS methods are 
left censored at the value of 50% because only those 
patients with stenosis ≥50% underwent CTA exami-
nation and were included in this study. We consider 
that the presence of this left censoring for one of the 
variables (in this case for data from CDUS measure-
ments) can explain attenuation of the correlation and 
determination coefficients20. CTA derived measure-
ments showed a much higher level of correlation with 
one another than any of the other two pairs which in-
volved CDUS, ranging between 0.85 and 0.91. How-
ever, a good correlation between CTA (CSA) and 
CTA (diameter) measurements does not automatically 
imply that there is good agreement between the two 
methods and that these two methods are equally ac-
curate in stenosis quantification. The correlation coef-
ficient is a statistical measure that calculates the 
strength of the relationship between the relative move-
ments of the two variables21,22. It is quite logical that 
any reduction of the diameter is accompanied by re-
duction of the area, and it is therefore understood that 
there is a positive correlation between these two meth-
ods of measurements. However, the correlation coeffi-
cient is not able to tell the absolute values of differ-
ences between the two paired measurements.

To define the measurement error of the two CTA 
methods in comparison with CDUS, we calculated dif-
ferences in the estimated level of stenosis between the 
methods using Bland-Altman statistics. Any method 
of stenosis measurement always implies some degree of 
error. However, if the variability of differences was only 
linked to imprecision of each of the two methods, the 
mean of these differences should be zero22. In our study, 
CTA (CSA) method in the whole sample and in the 
group of surgical stenoses showed no significant mean 
difference in relation to CDUS measurements, mean-
ing that there was no systematic underestimation or 
overestimation of stenosis. In the group of moderate 
stenosis, with small but significant mean difference in 
negative direction, this method only slightly overesti-
mated the true stenosis level. Opposite to that, CTA 
(diameter) method showed significant mean difference 
in the whole sample and in both groups of stenosis, 
ranging from 17.3% to 22.9%, which means that this 
method systematically underestimated stenosis level 
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throughout the range of stenosis. Furthermore, this 
method had large dispersion of differences as measured 
by standard deviation, which together with systematic 
underestimation may have practical implications on the 
decision for surgery, if we are only based on CTA (di-
ameter) measurements. The sensitivity and specificity 
of CTA (CSA) method for detecting severe stenosis 
were better balanced than those of CTA (diameter), so 
it also implies greater acceptability of the area based 
measurement in clinical use.

Our starting hypothesis was that the measurement 
of stenosis based on the CSA should be more accurate 
because the hemodynamic effect of luminal stenosis is 
due to the degree of area reduction. The area of residu-
al lumen is often asymmetric and has an irregular 
shape, so it is impossible to precisely estimate area re-
duction by measuring the diameter. The results of the 
study confirmed our starting presumption.

The use of CSA as a base for stenosis calculation by 
CTA method is still being studied, since the large clin-
ical trials (NASCET and ESCT) are based on tradi-
tionally used diameter measurement (on conventional 
angiography only diameter can be measured). The 
published articles show very different results when 
comparing CTA (CSA) and CTA (diameter) mea-
surements in stenosis quantification. The researchers 
most often used correlation coefficients to determine 
the validity of two CTA methods. Some of them did 
not find significant differences between diameter and 
area measurements, and concluded that diameter is an 
adequate approximation for area16,23,24. Others, testing 
diameter and area measurements to DSA, found better 
results when area based measurement was used25,26. 
Using Bland-Altman statistics, Muller et al. found that 
the area method was superior to the diameter in de-
tecting severe stenosis, whereas diameter based mea-
surement had a tendency to underestimate stenosis 
level27.The results of our study are closer to the results 
of the latter group of authors.

One of the limitations of this study was a relatively 
small sample size, while a greater number of patients 
involved would give results of greater significance. 
Second, the study included an inhomogeneous group 
of symptomatic and asymptomatic patients. Third, we 
used CDUS as a reference method, not DSA which is 
still regarded a gold standard in stenosis measurement. 
Patients in our study did not have DSA because we do 
not use this method routinely in the preoperative eval-

uation of carotid stenosis. We believe that CDUS can 
be used as a substitute for the true gold standard, since 
this method has been in use for many years and 
through that period it was strictly tested according to 
DSA8,28.

Conclusion

When assessing comparability of various methods 
in grading carotid artery stenosis, the study of differ-
ences between one measurement and the other using 
Bland-Altman statistics is a better indicator of agree-
ment than the calculation of correlation coefficients. 
CTA method is a good choice when additional imaging 
is required after ultrasonography in preoperative patient 
evaluation. According to the results of our study, CTA 
based on the measurement of the vessel lumen CSA is 
more reliable in deciding on carotid endarterectomy 
than the CTA based on the narrowest diameter.
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Sažetak

USPOREDBA STUPNJEVANJA STENOZE KAROTIDA  
CT ANGIOGRAFIJOM I DOPPLEROVIM ULTRAZVUKOM:  

KAKO PRIMIJENJENE STATISTIČKE METODE UTJEČU NA REZULTAT

K. Samaržija, P. Milošević, Z. Jurjević i E. Erdeljac

U studiji smo usporedili mjerenje stenoze karotida CT angiografijom (CTA) bazirano na najužem promjeru ili površini 
presjeka žile s mjerenjem kolor dopler ultrazvukom (CDUS) kao referentnim standardom i analizirali kako primjena različi-
tih statističkih metoda utječe na rezultat. Za 113 karotidnih arterija sa stenozom ≥50% odredili smo stupanj korelacije izme-
đu tri načina mjerenja, osjetljivost, specifičnost te razlike u procijenjenom stupnju stenoze. Korelacija između oba CTA 
mjerenja bila je dobra s Pearsonovim ρ između 0,87 i 0,91 (p<0,001). Korelacija između CDUS i CTA mjerenja bila je 
skromna s Pearsonovim ρ između 0,2 (p=0,075) i 0,4 (p=0,007) za CDUS CTA (površina) te između 0,23 (p=0,062) i 0,39 
(p=0,008) za CDUS CTA (promjer). Razlike u izmjerenoj stenozi između CTA (površina) i CDUS bile su centrirane oko 
0%, između CTA (promjer) i CDUS oko 20%. Osjetljivost i specifičnost za metodu CTA (površina) bile su 81% i 77%, a za 
metodu CTA (promjer) 23% i 100%. Dobra korelacija između mjerenja baziranog na površini ili promjeru samo znači da su 
promjer i površina presjeka žile dvije povezane značajke stenoze, no ne znači i dobro slaganje među metodama. Metoda CTA 
(površina) je bolje otkrivala kirurške stenoze, dok je metoda CTA (promjer) sustavno podcjenjivala stupanj stenoze. Studija 
razlika između stenoza dobivenih pojedinom metodom mjerenja bolje pokazuje slaganje među metodama nego izračun 
 koeficijenata korelacije.

Ključne riječi: Stenoza karotida; CT angiografija; Obojeni Dopplerov ultrazvuk; Statistička analiza podataka


