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Abstract

 

Inside the ‘cavernous sinus’ or ‘parasellar region’ the human internal carotid artery takes the shape of a siphon that
is twisted and torqued in three dimensions and surrounded by a network of veins. The parasellar section of the
internal carotid artery is of broad biological and medical interest, as its peculiar shape is associated with temperature
regulation in the brain and correlated with the occurrence of vascular pathologies. The present study aims
to provide anatomical descriptions and objective mathematical characterizations of the shape of the parasellar
section of the internal carotid artery in human infants and its modifications during ontogeny. Three-dimensional
(3D) computer models of the parasellar section of the internal carotid artery of infants were generated with a
state-of-the-art 3D reconstruction method and analysed using both traditional morphometric methods and novel
mathematical algorithms. We show that four constant, demarcated bends can be described along the infant
parasellar section of the internal carotid artery, and we provide measurements of their angles. We further provide
calculations of the curvature and torsion energy, and the total complexity of the 3D skeleton of the parasellar
section of the internal carotid artery, and compare the complexity of this in infants and adults. Finally, we examine
the relationship between shape parameters of the parasellar section of the internal carotid artery in infants, and the
occurrence of intima cushions, and evaluate the reliability of subjective angle measurements for characterizing
the complexity of the parasellar section of the internal carotid artery in infants. The results can serve as objective
reference data for comparative studies and for medical imaging diagnostics. They also form the basis for a new
hypothesis that explains the mechanisms responsible for the ontogenetic transformation in the shape of the
parasellar section of the internal carotid artery.
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Introduction

 

The human internal carotid artery (ICA) arises from the
common carotid artery. It ascends through the parapha-
ryngeal space and enters the skull via the carotid canal.
Inside the skull the ICA passes through the so-called
cavernous sinus, a network of intracranial veins, before it
enters the subarachnoidal space medial to the anterior

clinoid process. In the subarachnoidal space it runs occipitally
and terminates by branching into the anterior and the
middle cerebral arteries. These arteries provide the blood
supply to the frontal and parietal parts of the brain. Along
its complicated course, which involves several sharp bends,
the section of the ICA that runs inside the cavernous sinus
is of particular interest. It is hypothesized that the intimate
proximity of the double-bent artery to the venous plexus
of the sinus cavernous region, which is partly fed by extra-
cranial vessels, is involved in temperature regulation of the
rostral parts of the tel- and diencephalon (Brengelmann,
1993; du Boulay et al. 1998; Zhu, 2000). Besides other
important structures these regions of the brain include
temperature-sensitive nuclei such as the preoptic area,
which is responsible for body temperature regulation and
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seems to be associated with lifespan (Conti et al. 2006;
Saper, 2006). In other mammals, such as artiodactyls,
which have a carotid rete or ‘rete mirabilis’ instead of a
single parasellar ICA, the role of temperature exchange is
even more accentuated (Jessen, 2001; Fukuta et al. 2007).
The reduction of the snout during hominid evolution and
the increase of temperature regulation via the skin may
have diminished the role of the arterio-venous temperature
exchange inside the skull, but the strongly bent shape of
the parasellar ICA inside the cavernous sinus may represent
a phylogenetic reminiscence of its earlier function.

As the term ‘cavernous sinus’ is still the subject of debate
(Krivosic, 1987; Taptas, 1987; Bonneville et al. 1989; Parkinson,
1995; Weninger et al. 1997; Kehrli et al. 1998; Weninger &
Müller, 1999; Weninger & Pramhas, 2000), we prefer to
refer to the ‘parasellar region’, and we term the cavernous
sinus segments of the ICA the ‘parasellar ICA’ (pICA).
According to this definition, the pICA starts at the internal
ostium of the carotid canal and ends medial to the anterior
clinoid process when it penetrates the dura mater and
adjacent arachnoidea mater (Fig. 1). Three segments are
traditionally distinguished along the pICA (Fischer, 1938):
the ascending C5 segment, medial to the trigeminal
ganglion, the sagittal C4 segment medial to the abducent
nerve, and the curved, again ascending C3 segment that
lies first below and later medial to the anterior clinoid
process (Fig. 1). In a lateral view the S-shaped configuration
of these segments resembles a siphon, hence the traditional
term ‘carotid siphon’, with its posterior knee between
segments C5 and C4 and the anterior knee formed by
segment C3 (Fischer, 1938; Moniz, 1940). The anterior
knee continues into segment C2, which is defined as the
proximal part of the ICA inside the subarachnoidal space.

The parasellar segments of the human pICA are well
known for the frequent occurrence of vascular pathologies,
such as atherosclerotic lesions, aneurysms and extensive
intima cushions (Dörfler, 1935; Samuel, 1956; Cole & Davies,
1963; Fisher et al. 1965; Di Chiro & Libow, 1971; Meyer &
Lind, 1972; Craig et al. 1982; Marzewski et al. 1982;
Borozan et al. 1984; Sakata et al. 1985; Caplan et al. 1986;
Wechsler et al. 1986; Raju & Fredericks, 1987; Stary et al.
1992; Kappelle et al. 1999). Intima cushions have been
tentatively implicated in sudden infant death syndrome
(SIDS) (Weninger et al. 1999). As the pICA undergoes sig-
nificant changes of shape during postnatal development,
there is reason to assume that the remodelling of the
vessel walls provides a source for pathological deviations.
Such causal connections between changes of shape and
the occurrence of pathology are difficult to assert in the
absence of quantitative data that define the complex
modifications of the shape of the pICA during its develop-
ment from infant to adult. In this study we introduce a
new methodology for the characterization of blood vessel
shape and provide comparative shape values for the infant
and adult pICA.

Despite long-standing knowledge of its general form,
the exact morphology and functionality of the adult human
pICA is still poorly understood. Even more scant and con-
tradictory is the information available on the infant pICA,
with the exception that its course through the parasellar
region is much straighter than in the adult (Schiefer &
Vetter, 1957; Jovanovic, 1971; Knosp et al. 1987a; Weninger
& Müller, 1999). This lack of information is due to scarce
infant material and insufficient quantitative methods.
However, knowledge of the shape of the infant pICA is the
key to understanding the complex shape of the adult pICA
as well as its remodelling, functionality and pathologies.

Fig. 1 Three-dimensional computer models of the infant parasellar 
internal carotid artery (pICA) and its branches in situ. Lateral views. 
(a) Definition of the pICA. Note the virtual cutting planes (asterisks). 
(b) Segments of the pICA. White lines show how we defined the angle 
(Angle PC1) of the bend PC1 between Fischer segment C5 (C5) and 
Fischer segment C4 (C4). f, frontal; o, occipital; PCP, posterior clinoid 
process; ACP, anterior clinoid process; C3, Fischer segment C3. Scale 
bar, 1 mm.
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In adults, several attempts were made to provide
objective shape definitions by measuring the angles of the
knees of the carotid siphon (Michailow, 1964; Chrzanowski,
1971). These measurements are usually based on lateral
(two-dimensional, 2D) projections. However, considering
the 3D shape of the pICA, a 2D characterization is a simpli-
fication that seriously limits explanatory power. In reality,
the adult pICA is bent and twisted in all three dimensions,
similar to that of an irregularly shaped screw (Dei Poli &
Zucha, 1940). In infants, no serious attempts were under-
taken to provide definitions or quantifications of the
pICA shape. In this study we aim to provide precise 3D
definitions of the shape of the infant pICA by using virtual
goniometry and 3D mathematical tools applied to 3D
computer models. We further will compare the mathemat-
ically calculated complexity of infant and adult pICAs in
order to derive an estimate of the changes of shape.
Finally, we will examine the frequency of occurrence and
the location of intima cushions in infant pICAs in relation
to the vessel complexity.

 

Material and methods

 

Parasellar regions (PSRs) of 27 human infants (four left, 23 right)
were collected during a forensic study and were stored in 3.7%
neutral buffered formaldehyde. The infants (nine female, 18
male) were aged between 5 h and 11 months. Mean age was
4.2 months. Twelve infants had died from accidents and 15 were
diagnosed with SIDS.

The pICAs were fixed 

 

in situ

 

 and then dissected out of the PSR.
Using the EPI-3D method (Weninger et al. 1998), 3D computer
models of the vessel lumen, the vessel wall, and of the intima cushions
of the pICAs were reconstructed (6 

 

×

 

 6 

 

×

 

 12 

 

µ

 

m and 10 

 

×

 

 10 

 

×

 

 12 

 

µ

 

m
voxel size). They were visualized and analysed virtually using the
software packages Velocity

 

2

 

 (Minnesota Datametrics) and Amira
4.0 (Mercury Computer Systems), running on a PC. The position
and the angles of the curves along the infant pICAs were defined
and measured using 2D screenshots of the 3D models after rotating
them into the plane formed by each curve (i.e. these are not simple
lateral projections of the vessel shape). This procedure closely
resembles the method that is usually employed by morphologists
for measuring angles of anatomical structures. Measurements
were performed using the virtual goniometer tool of the ImageJ
software (http://rsb.info.nih.gov/ij). Figure 1 shows how the angles
were defined and measured taking the posterior knee of the
carotid siphon (PC1) as an example. Subjective interpretation of
the blood vessel shape was the basis for the definition of both the
angle and the plane in which it was measured.

As objective measures for pICA shape complexity, we provide
measurements of the curvature and torsion energy of its 3D
skeleton. The pICAs were computationally skeletonized, using an
adaptation of the methodology described by Verroust & Lazarus
(2000). We considered the skeleton of each pICA as a 3D parametric
curve, subsequently fitted by a polynomial of degree 9 (obtained
by generalized mean squares fitting). Next, we used differential
geometry (Do Carmo, 1976) to estimate the curvature (

 

κ

 

) and
torsion (

 

τ

 

) of the curves. We used the Fourier transform to convolve
the curve with a Gaussian kernel function with standard deviation

 

σ

 

 so as to smooth the original discrete curves, as required in order

to eliminate the quantization noise while retaining the main
geometrical aspects of the arteries. We selected 

 

σ

 

 

 

=

 

 10, which best
suited the above request. It is important to observe that this
smoothing reduces the amplitude of the signal. To solve this
problem, we multiply the coordinates of the smoothed curve by
the factor 

 

P

 

σ

 

 

 

=

 

 

 

L

 

/

 

L

 

σ

 

, i.e. the ratio between the perimeter of the
original curve and the perimeter of the smoothed curve (Sapiro &
Tannenbaum, 1995; Cesar & Costa, 1997).

The measures used for characterizing artery geometry are the
energies of curvature (

 

E

 

κ

 

) and torsion (

 

E

 

τ

 

). Their mathematical
definitions are: 

where 

 

L

 

 denotes the length of the pICA. The factor 

 

L

 

2

 

 ensures the
energy measures above are scale-invariant, in the sense that a
circle will always have the same energy  independently
of its radius. In other words, the energies will be invariant to the
scaling of the curves, allowing us to compare pICAs with different
lengths (e.g. for adults and infants). The initial and final 10% of
the 

 

N

 

 points along the curves were not considered in the above
energies to avoid the discontinuity at the two extremities of the
curves. It is important to observe that the energy results are
dimensionless, because curvature and torsion have units corre-
sponding to the inverse of the length. We also provide data on
total complexity, which we defined as the sum of curvature and
torsion.

We also used the 3D skeletons for calculating the angles of the
infant pICA. The straightest regions of the skeletons were manually
delimited. Next, we applied the principal component analysis
methodology to these straightest regions in order that they fit
straight lines (corresponding to the main axes). The angles between
these lines were then estimated and considered as measures.

For statistics we employed the Wilcoxon rank-sum test and
Student’s 

 

t

 

-test, and the Pearson’s product moment and Spearman’s
rank correlation coefficient. All statistical analyses were performed
using the SAS software package (SAS Institute Inc.).

 

Results

 

We present anatomical characterizations of the infant pICA,
calculations of its shape complexity (including comparisons
between the infant and adult pICA), and correlations
between the infant pICA shape complexity and the occurrence
of intima cushions.

 

Anatomical characterization of the infant pICA

 

Adult pICAs show two major curves, one between Fischer
segments C5 and C4 and a second within Fischer segment
C3. No other constant bends can be discerned. The infant
pICA, by comparison, takes a relatively straight course and
our analysis of the 3D computer models reveals up to five
well-demarcated bends. Four of these are present in more
than 50% of the specimens. We number the bends from
proximal to distal as parasellar curve 1 (PC1), through to
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parasellar curve 4 (PC4). PC1 is located at the transition of
Fischer segment C5 to C4, PC2 within Fischer segment C4,
and PC3 at the proximal part of Fischer segment C3. PC4
corresponds to the proximal part of the anterior knee of
the carotid siphon – the curve formed by Fischer segment
C3. Of the specimens, 48% show an additional bend in the
C4 segment distal to PC2. If present, this bend is named
PC2

 

′

 

 (Fig. 2). In the following, we present information
about the angles of each bend, first as measured with the
aid of a virtual goniometer, and second as calculated from
the 3D skeleton of the pICA.

PC1 is present in 100% of the specimens. It is orientated
in a sagittal plane, with its apogee directed dorsally.
Goniometric angle measurements ranged from 17 to 108.5

 

°

 

,
with a mean of 50

 

°

 

 and a median of 45

 

°

 

 (SD 25.3

 

°

 

). Mathe-
matical calculations of the same angle ranged from 18.4 to
100

 

°

 

, with a mean of 52.8

 

°

 

 and a median of 48.4

 

°

 

 (SD 24.7

 

°

 

).
PC2 is present in 100%. It is orientated in a transverse plane,

with its apogee directed laterally in 85% and medially in
15%. Goniometric angle measurements range from 5 to
75

 

°

 

, with a mean of 26.7

 

°

 

 and a median of 24

 

°

 

 (SD 16.4

 

°

 

).
Mathematical calculations of the same angle ranged from 8.3
to 88.6

 

°

 

, with a mean of 36

 

°

 

 and a median of 31

 

°

 

 (SD 22

 

°

 

).

PC2

 

′

 

 occurs in 48% of the specimens. Like PC2 it is
orientated in a transverse plane, but the apogee of PC2

 

′

 

 is
always directed to the opposite direction of that of PC2. In
69% this direction is medial, in 31% lateral. Goniometric
angle measurements range from 6 to 38.5

 

°

 

, with a mean
of 20.5

 

°

 

 and a median of 17

 

°

 

 (SD 10

 

°

 

). Mathematical
calculations of the same angle ranged from 6.4 to 65.1

 

°

 

,
with a mean of 34.1

 

°

 

 and a median of 34.5

 

°

 

 (SD 16.3

 

°

 

).
PC3 is present in 74% of the specimens. It is located at

the transition zone of Fischer segments C3 and C4 and
orientated in a transverse plane. Its apogee points medially
in 58% and laterally in 42%. Goniometric angle measure-
ments range from 3 to 64

 

°

 

, with a mean of 26.6

 

°

 

 and a
median of 24

 

°

 

 (SD 14.6

 

°

 

). Mathematical calculations of the
same angle ranged from 10.1 to 85.2

 

°

 

, with a mean of
37.7

 

°

 

 and a median of 35.8

 

°

 

 (SD 22.6

 

°

 

).
PC4 is observed in 100% of the specimens. It is the

proximal part of the curve usually described as the anterior
knee of the carotid siphon. This curve continues along the
subarachnoidal C2 segment of the ICA, which is not a part of
the excised pICA section. This prevents angle measurements.

For all measured angles the paired Student’s 

 

t

 

-test
revealed significant differences between the goniometric
angle measures and the mathematical calculations of the
angles. Pearson’s product moment test revealed strong
and significant correlations.

 

Mathematical complexity of the infant pICA

 

Beside goniometric measurements, a mathematical analysis
of curvature and torsion energy and total complexity was
performed in order to obtain an objective mathematical
characterization of the infant pICA. The curvature energy
of the infant pICA ranged from 0.63 to 7.60 with a mean
of 2.95 (SD 2.15). Torsion energy ranged from 0.01 to 4.70
with a mean of 1.04 (SD 1.15). Total complexity, as defined
by the sum of curvature and torsion energy, ranged from
0.76 to 11.66 with a mean of 3.99 (SD 2.93). Curvature and
torsion energy showed a significant correlation (

 

r

 

 

 

=

 

 0.475,

 

P

 

 

 

=

 

 0.0123).
We evaluated the significance and objectivity of gonio-

metric measures for characterizing the complexity of the
infant pICA. First, we summed the angles PC1–PC3. Values
ranged from 30 to 237.5

 

°

 

, with a mean of 106.4

 

°

 

. Statistical
comparisons revealed significant correlations between
curvature energy and the sum of the goniometrically
measured angles (

 

r

 

 

 

=

 

 0.543, 

 

P

 

 

 

=

 

 0.0034) (Fig. 3a), torsion
energy and the sum of the goniometrically measured
angles (

 

r

 

 

 

=

 

 0.574, 

 

P

 

 

 

=

 

 0.0017), and total complexity and the
sum of the goniometrically measured angles (

 

r

 

 

 

=

 

 0.643,

 

P

 

 

 

=

 

 0.0003). Secondly, we compared only angle PC1 with
the mathematical indicators of complexity. Statistics
revealed a strong correlation between the dimension of
PC1 and curvature energy (

 

r

 

 

 

=

 

 0.737, 

 

P

 

 

 

<

 

 0.0001) (Fig. 3b) and
a positive correlation between the dimension of PC1 and

Fig. 2 Bends of the infant pICA. (a) Three-dimensional model viewed 
laterally. (b) Outline sketch of a 3D model viewed from the top. Note that 
the curves PC2, PC2′ and PC3 can only be discerned in a top view. Mean 
dimensions are given for PC1–PC3. f, frontal; o, occipital; med, medial; 
lat, lateral. Scale bar, 1 mm.
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total energy (

 

r

 

 

 

=

 

 0.702, 

 

P

 

 

 

<

 

 0.0001). A weak, non-significant
correlation was seen between PC1 and torsion energy
(

 

r

 

 

 

=

 

 0.314, 

 

P

 

 

 

=

 

 0.1113).
In order to elucidate the characteristics of ontogenetic

transformations occurring during childhood and adoles-
cence, we compared curvature and torsion energies and
total complexity of infant and adult pICAs. The adult pICA
shows a mean curvature energy of 12.99, a mean torsion
energy of 16.71 and a mean total complexity of 29.70
(sample size 60 pICAs; S. Meng et al. unpublished data).
The mean curvature energy (

 

P

 

 

 

<

 

 0.0001), the mean torsion
energy (

 

P

 

 

 

<

 

 0.0001) and the mean total complexity
(

 

P

 

 

 

<

 

 0.0001), defined as the sum of curvature and torsion
energy, was significantly higher in adults than in infants
(Fig. 4). The pICA curvature for 24 (40%) adults was smaller
than 7.6, the pICA torsion for 6 (10%) adults was smaller
than 4.7, and the pICA total complexity of 10 (17%) adults
was smaller than 11.66. In these cases the dimensions of
the objective shape parameters were similar to that of
infants (Fig. 4).

 

Intima cushions of the infant pICA

 

Intima cushions occur at constant locations in each segment
of the pICA (Fig. 5a). Their precise location, extension,
histological structure and degree of lumen occlusion have

been described previously (Weninger et al. 1999). Here we
investigated the topology and occurrence of intima
cushions and their relationship to pICA complexity in the
present sample. C5 cushions were found in 67% of our
specimens, C4 cushions in 81% and C3 cushions in 56%. A
weak, non-significant correlation was found for curvature
energy and the number of intima cushions (

 

r

 

 

 

=

 

 0.3148,

 

P

 

 

 

=

 

 0.1097) as well as for the total complexity and the
number of intima cushions (

 

r

 

 

 

=

 

 0.33983, 

 

P

 

 

 

=

 

 0.0829) (Fig. 5).
No correlation was found for the torsion energy and
the number of intima cushions (

 

r

 

 

 

=

 

 0.18421, 

 

P

 

 

 

=

 

 0.3577).
Wilcoxon rank sum tests revealed no significant differences
of curvature energy between pICAs with and without a C3
cushion (

 

P

 

 

 

=

 

 0.3229), C4 cushion (

 

P

 

 = 0.4472) or C5 cushion
(P = 0.1936); no significant differences in torsion energy
between pICAs with and without a C3 cushion (P = 0.7551),
C4 cushion (P = 0.2078) or C5 cushion (P = 0.4632); and no
significant differences in total complexity between pICAs
with and without a C3 cushion (P = 0.3473), C4 cushion
(P = 0.2845) or C5 cushion (P = 0.1311). Statistical comparison
of SIDS cases with the victims of accidents revealed no
significant differences in the shapes of the pICA or the
presence of intima cushions.

Fig. 3 Correlation between subjective goniometric measurements and 
curvature energy. (a) Comparison between curvature energy and sum of 
the angles PC1–PC3. (b) Comparison between curvature and PC1.

Fig. 4 Comparisons of the mathematical indicators of complexity 
between infant and adult pICAs. (a) Torsion energy. (b) Curvature 
energy.
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Discussion

The topology and course of the pICA is of clinical and
scientific significance. Therefore, a number of attempts were
undertaken to provide geometric and numeric descriptions
of the shape of the adult pICA (Fischer, 1938; Dei Poli &
Zucha, 1940; Moniz, 1940; Curry & Culbreth, 1951; Platzer,
1957; Schiefer & Vetter, 1957; Kozlowski, 1963; Udvar-
helyi et al. 1963; Michailow, 1964; Bergland et al. 1968;
Chrzanowski, 1971; Jovanovic, 1971; Hasso et al. 1975; Knosp
et al. 1988). In contrast, information on the shape of the
infant pICA is scant (Schiefer & Vetter, 1957; Jovanovic,
1971; Weninger & Müller, 1999). Numerical definitions are
only available for the bend between Fischer segment C5
and C4 and are of limited significance. However, detailed
characterizations of the infant pICA shape and complexity
are of importance for two reasons. First, forerunners of
vascular pathologies occur already in infants and are
considered to be linked to the complexity of the 3D shape
of the pICA (Meyer & Lind, 1972; Weninger et al. 1999).
Second, no sufficient explanations exist for the peculiar
shape of the adult pICA and the ontogenetic factors
responsible for this shape. The present study provides, for
the first time, detailed descriptions and careful measure-
ments of the infant pICA using modern 3D reconstruction
techniques. It also provides objective mathematical

characterizations of the pICA, and compares the complexity
of the infant pICA shape with that of adults. These com-
parisons can serve as a starting point for elucidating the
ontogenetic mechanisms and the pathogenic effects of
pICA shape complexity.

For comparisons with existing data, we analysed the 3D
computer models with classical anatomical methods and
detected four constant curves along the infant pICA
(PC1–PC4). The bend we termed PC1 corresponds to the
posterior knee of the carotid siphon and is located at the
transition of Fischer segment C5 to C4. There are two
possible ways to characterize this bend, first by measuring
the angle formed by virtual lines through the C5 and C4
segment, and second by measuring the angle between the
C4 segment and the straight continuation of the C5 segment.
We chose the latter, because this angle represents the
degree of deviation from the originally straight course
of the fetal pICA. In adult anatomical specimens, PC1
measures between 15 and 120° (Michailow, 1964), which
corresponds to 60–165° in our measurement protocol. In
infants we measured angles between 17 and 108.5° (mean
49.43°). Thus, although the infant PC1 shows the same
broad individual variability, in general it is much straighter
than the adult pICA. The last bend of the infant pICA (PC4)
is part of the anterior knee of the so-called carotid siphon.
Its angle could not be measured as the bend continues in
the C2 segment.

Of peculiar interest are the bends between PC1 and PC4.
The second bend of the infant pICA (PC2) in the C4
segment, the third bend (PC3) in the proximal C3 segment
and the inconstant PC2′ are blunt. However, these bends
are well demarcated and are regular features of the infant
pICA. No such angles can be discerned in the adult pICA,
which is formed like a helix or corkscrew, nor in the fetal
pICA, which takes a very straight course, only bent around
the transition zone from Fischer segment C3 to C2 (Knosp
et al. 1987b). PC2, PC2′ and PC3 thus are unique features
of the infant pICA.

Goniometric angle measurements were made from
images showing 2D projections of the pICA. For each bend,
the best fitting projection image is subjectively defined by
the researcher. Although this procedure represents the
traditional way to define angles, such measurements neglect
the 3D components of a curve. To overcome this problem
and to provide truly objective angle measures for each
bend, we mathematically skeletonized the blood vessels.
The 3D skeleton of a blood vessel represents a 3D curve. We
identified the straight sections in this curve and calculated
the angles with the aid of principal components analysis.

We also used the 3D skeletons for mathematical analysis
of the complexity of the shape of the entire pICA. The
relevant geometrical features and the complexity of the
3D skeleton of the pICA can be precisely expressed as its
curvature (κ) and the torsion (τ), which are both invariant
to the translation and rotation of the curve. In addition to

Fig. 5 Intima cushions of the infant pICA. (a) Location. (b) Correlation 
between number of intima cushions and curvature energy. o, occipital; 
f, frontal.
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their intrinsic interpretation, curvature and torsion provide
a complete representation of the curve, in the sense that
the latter can be recovered from the values obtained for
curvature and torsion. Preliminary investigations of the
geometry of arteries have been reported (Ding & Friedman,
2000; Zhu & Friedman, 2003; Medina et al. 2004). The
Fourier transform has been used in order to estimate
curvature and torsion (Costa & Cesar, 2001; Costa, 2002).
Ding & Friedman (2000) proposed the use of piecewise
interpolation by low degree polynomials for estimating
the curvature and torsion of 3D arteries. A comparison
between these two approaches, reported in Medina et al.
(2004), indicated better estimation of curvature by using
the Fourier approach. The more unstable torsion can be
calculated more properly by the piecewise approach. We
consider the skeleton of each pICA as a 3D parametric
curve, subsequently fitted by a polynomial of degree 9
(obtained by generalized mean squares fitting) and used
differential geometry (Do Carmo, 1976) to estimate its
curvature (κ) and torsion (τ).

Using the mathematical methods, we found that infant
pICAs show remarkable individual variations in torsion
and curvature energy. However, curvature and torsion
energy of the pICAs correlate positively. While torsion is a
measure for the intrinsic twisting along the longitudinal
axis of the artery, curvature defines a structure’s complexity
based on its curves. Consequently, curvature energy does
show a strong correlation with the goniometrically
measured sum of the pICA angles and an even stronger
correlation with the dimension of PC1. In contrast, torsion
energy is only correlated with the sum of the angles PC1–
PC3 and does not significantly correlate with the dimension
of PC1. This implies that the sum of the measurable angles
of the infant pICA does provide a fair estimation of the
objective complexity of the blood vessel. However, the
identification and measuring of pICA angles is time con-
suming and laborious and requires the use of advanced 3D
reconstruction methods. The angle of PC1, in contrast, can be
easily and quickly measured in the traditional, subjectively
biased way. However, although we show that PC1 is an
excellent representative for the amount of curvature
energy, it does not permit a sound estimation of torsion
energy and thus is a poor indicator for the real complexity
of the infant pICA.

We provide comparisons between the mathematical
complexity (curvature and torsion) of the infant and the
adult pICA. Data for the adult pICA await publication (S.
Meng et al. in preparation). The data are based on an
analysis of 3D models of 60 pICAs of 30 randomly selected
patients (22–77 years) without pathologies or of near the
parasellar region. The 3D models were reconstructed from
contrast media enhanced computed tomography scans.
Statistics show that the mean curvature and torsion
energy and the total complexity are much lower in the
infant pICA than in the adult pICA. While the mean curvature

energy of adult pICAs is approximately four times higher
than that of infant pICAs, the mean torsion energy of
adult pICAs is approximately 16 times higher than that of
infant pICAs. Therefore, we concluded that extensive vascular
remodelling occurs during childhood and adolescence and
leads to an increase of the objectively measurable blood
vessel complexity. This increase, however, is mainly due to
an increase in torsion energy.

Cushion-like protrusions that narrow the lumen of the
vessel at characteristic positions are a regular finding in
the pICA of human infants (Fig. 5). However, while bent
infant pICAs with an acute angle PC1 show such cushions,
straight running blood vessels with a very blunt angle PC1
lack them (Weninger et al. 1999). Thus, we expected to
identify cushions more frequently in pICAs of higher com-
plexity. Surprisingly the present study, which is based on
27 infant specimens, reveals that neither the number nor
the presence of intima cushions due to intimal hyperplasia
correlates with the mathematically calculated measures of
pICA complexity. No differences in curvature, torsion or
total complexity can be seen between pICAs with and
without a C3, C4 and C5 cushion. As we assume that blood
flow characteristics vary with blood vessel complexity, these
findings suggest that intimal hyperplasia of the infant
pICA is not, or at least not entirely, caused by haemodynamic
forces. Intima hyperplasia is considered as a forerunner of
atherosclerosis (Stary et al. 1992). Therefore, our data sug-
gest that individuals with a complex pICA and individuals
with a less complex pICA have the same risk of atheroscle-
rosis of the pICA and associated disorders.

Along its course from neck to brain, the ICA adheres via
its adventitia to the walls of the carotid canal and via
ligaments to the anterior clinoid process (Knosp et al. 1988).
Therefore, both the proximal end of the pICA, which is
attached to the internal opening of the carotid canal, and
its distal end, which is attached to the anterior clinoid
process, are fixed points with respect to the skull base. A
long stretch of the pICA is in contact only with its sur-
rounding venous plexus. Based on our findings we suggest
a model that could explain the transformations of the
pICA from its straight shape in infants to the heavily
twisted shape in adults.

We argue that in prenatal life the distance between the
internal opening of the carotid canal and the base of the
anterior clinoid process and the length of the pICA
increase synchronously. Hence, the pICA of the fetus runs
straight through the parasellar region (Knosp et al.
1987a). In the perinatal period skull base growth and pICA
length growth become slightly asynchronous, with the
pICA lengthening faster than the distance between the
internal opening of the carotid canal and the basis of
the anterior clinoid process. Therefore, the pICA develops
its torsion and two pronounced as well as 2–3 blunt, but
well-demarcated bends, the apogee of which point in
opposite directions. During childhood and adolescence,



Infant pICA, S. Meng et al.

© 2008 The Authors 
Journal compilation © 2008 Anatomical Society of Great Britain and Ireland

643

blood vessel length increases rapidly, while the skull base
dimensions increase at a slower rate. This forces the pICA
to find its way through the parasellar space by forming a
helix – a shape that would automatically result from
increasing the length of a proximally and distally fixed
tube inside a given volume. Formation of the helix shape
results in elimination of the defined blunt bends PC2–PC3.
Spatial constraints are just one ontogenetic factor respon-
sible for the pICA shape transformation. Haemodynamic
forces may also trigger vascular remodelling and postnatal
pICA transformation. We suggest that these haemodynamic
forces cause an accentuation of the more acute bends of
the infant pICA, which are PC1 and PC4. Therefore, the
adult pICA does not simply show a helix shape, as caused
by the spatial constraints, but a helix shape with two
prominent bends – the anterior and posterior knee of the
carotid siphon. We postulate that both haemdoynamic
forces and spatial constraints are involved in the formation
of the complex shape of the adult pICA.
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