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Bilateral Comparison of Occipital Lobe Sulci:
A Sulcus Identifying Algorithm

Z. Naor,! Y. Yeshurun,! and M. Myslobodsky>*

A procedure for automatic identification of sulci of cerebral hemispheres in
myxﬂcmm@mwmﬂ ﬂwa@amhmdqmmﬁummfam
tion of the spatial location of a given feature (e.g, sulcal contour) in one
hemisphere and automatically defines its course in the other hemisphere. The
automnatic tracing of sulci was successfully performed in the mesial aspect of
both _hemispheres in 18 normal individuals. The sulcal location in the target
kmmphﬂem.rﬁm' approximated by assuming an affine transformation be-

and then refined by local edge analysis. The method pro-
:iuced reliable results in comparing the intersulcal areas (the cuneus), sulcal
length, Hmrcampfmtgmdtkzaqgicbefmnﬁmpanmapudandm

calcarine

KEY WORDS: magnelic resonance imaging; image analysis; computerized data processing;
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N P '-'-:mnnumun

- The image formation based on the principle of nuclear magnetic reso-
nance lead to an entirely new methodology, magnetic resonance (MR) im-
* aging (Lauterbur, 1973) that proved to generate brain pictures of unusual
clarity. The MR images could be analyzed and quantified with the accuracy
superior to that afforded by x-ray computed tomography (CT). The MR-
based image quantification (morphometry) took several major directions.
One chiefly updates the data banks accumulated with CT techniques, re-
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rding areas and volumes of the ventricular system and fluid filled strue-
‘es of clinical interest and the magnitude of hemisphere asymmetries
ratta et al, 1989). The other attempts to provide an accurate definition
difficult (within the context of the CT methodology) areas, such as the
instem, temporal lobes, and posterior fossa {Gaffney ef al, 1988; Sud-
th et al, 1989; Jack et al, 1989). Still another focuses on the estimates
size of separate brain structures and/or nuclei (Uematsu and Kaiya, 1988;
-k et al., 1989; Filipek et al., 1989; Casanova et al, 1990). Regrettably,
: systematic analysis of the brain gyral and sulcal patterns that are visu-
zed in MR images and the analysis of variance of their interhemisphere
ofiles are still unduly neglected. Only few studies attempted an isolation
the characteristic shapes of several major sulci (Steinmetz ef al, 1989;
vslobodsky ef al, 1990; Ebeling ef al., 1989). Consequently, the depend-
le systems for unassisted identification and quantification of the topo-
phical arrangement of the complexity of brain folding are still lacking
Jeis and Haug, 1990).
The present study describes a technique that affords a reliable isolation
several sulci on the mesial brain surface along with examples that con-
m its utility for the quantification of individual differences in sulcal pat-
-ns. The algorithm for sulcus identification (ASI) operates as follows: the
erator enters the spatial location of a given sulcus in one hemisphere,
:n ASI automatically finds a similar sulcus in the other hemisphere of

= same individual,

+

METHOD

The study is based on MR images of 20 volunteers (17-66 years of
¢) with homolateral ocular dominance and normal neurological history.
/1 of them were right-handed subjects with the exception of one left-
-nded.

MR imaging was performed on a 0.5 Tesla Elscint (GYREX 5000 with
itrix size of 256 x 256 as described elsewhere (Myslobodsky et al, 1991).
1e position of the head was adjusted under the control of repeated, mul-
slanar, fast-locating MR scans to align the interhemispheric fissure with
€ sagittal imaging plane. The whole brain was then evaluated using con-
wous sagittal, coronal, and axial slices of 5 mm thickness. To obtain an
lequate anatomical display, T1-weighted spin-echo sequences were applied
‘R/TE = 470-600/14-40 msec). All scans were evaluated for ventricular
-e and configuration, hemisphere width, prominence of cortical sulci, the
-gree of skull deformity and signal asymmetries, ete. All images were read
normal. Two scans were rejected due to inferior image qualities.
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The ASI

The.pmbIam we face is the following: given two corresponding (CT

or MR) images of the two human brain hemispheres, the algorithm must
accept as input the spatial location of a given feature (i.e, sulcus) in one
image, and+autnmaticaﬂy detect this feature in the image of the other hemi-
sphere, T'Ius task is feasibly only if certain assumptions are made regardin
the spahal_relat.inns between features in the two hemispheres, since if therg
18 N0 continuous mapping between the two images, it is hard to imagine
any algorithmic solution, The basic assumption we make in this work is
that there exists an affine transformation that maps one hemisphere into
the u_thcr. Wh_ile evolutionary and developmental considerations might play
a major role in the specification of the exact spatial relation between the
hemispheres, we maintain that for our purposes, affine transformation
namel_v_, a combination of shift, rotation, scaling and shear is an acceptablé
approximation of interhemispheral feature mapping in brain images.
1 The method was implemented on MR images of normal human sub-
Jects. The anatomical structures analyzed may best be appreciated by ref-
erence to Fig. 1. The later shows that the first step requires an identification
an_ the parasagittal cut of the braig of three corresponding noncolinear
points _that represent easily recognizable cranial and intracerebral land-
ma_rks_ In one MR image. These points are sufficient for a complete de-
scription of the affine transformation, They reference sulci of interest with
regard tu the nasion-inion line (ni; anterior-posterior dimension) and the
perpendwurlar reference from that line at the point of confluence of the
retrocalcarine (rc) and the parieto-oceipital sulci (PO; Fig. 1A)

The following step requires a selection of the region c;f interest
(ROI). In the present study, ROI was a rectangle surrounding the con-
ﬂlitt‘.l.‘lcﬂ of the parieto-occipital and the retrocalcarine sulci (Fig TA). At
lhl:..i stage the computation is directed at a search of the mrre:s ﬂn&in
pomnt in the other, “target” hemisphere. This is conducted in th:: stcpsg,

' First, the affine transformation is accomplished to compute a rough ap-

proximation of the area of interest in the target hemisphere (Fig. 1B)
tI'hcn, local edge features between the two hemispheres are campai:d us-l
Ing cross correlation for a better precision in pinpointing the location of
the targeted sulcus. The distance between the rough estimate (based on
affine transformation) and the more accurate estimate is noted as a meas-
ure of anatomical local interhemisphere asymmetry. Finally, the skeletons

of the corre ondi pice : :
(Fig. 1B), sponding sulci in the twa hemispheres are automatically traced
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Fig. 1. (a) MIL images illustrate the anatomy of the caudal portion of the mesial surface of
the right and left hemispheres. CCs: corpus callosum, splenium; PO parieto-occipital sulcus;
- retrocalearine sulcus. (b) Three reference points define invariant coerdinate system in the
right hemisphere, The confluence of the paricto-occipital (PO) and calearine (C) sulei (PO-C
point) is denoted by the cursor in the square. The ROL in the left hemisphere (depicted by
the square) is found by the affine transformation computed from the right hemisphere pa-
rameters. The PO-1C location within the ROl is found by cross-correlation. After the PO-rC
point is located, the sulcus skeleton (marked) is automatically traced and plotted along with
their linear regression approximation (bottom left).

Tracing Algorithm

The tracing algorithm is based on a skeleton extraction routine. Skele-
tons are known to provide an accurate structural description of a shape,
and several methods have been proposed and implemented for generation
of skeletons from boundaries, such as medial-axis transformation (Blum,
1973; Shapiro, 1981). Their utilities recognized in reducing storage require-
ments, preserving topological properties of an image, and simplifying the
computational procedures required for description and taxonomy. In the
present study, the sulcal was defined as a path with local minimum cross-
section intensity value. This definition is based on the observation that a
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typical intensity profile across a sulcus shows a local minimum at its center
In general, the sulcal gray level values are lower compared to those on ital'
banks. Although this definition is relatively simple, in the sense that we dt-)
not seek f{_:lr general definition to characterize all shapes by their skeleton
we found it to be satisfactory for our purposes. Taking into cunsideratinr:
thlat sulcal contours under study usually form a simple path (i.e., a path
w?th no branching), our definition for sulcus line skeleton is in ag;ae:tmexut
with thf:_ usual definition. The ASI extracts the sulcus line skeleton in two
steps. First, a palrricular point that belongs to the sulcus is selected, using
local features of its surroundings, and its spatial location in the ull!u:r' hemi-
sphere. Then, a tracing algorithm, which departs from that point, extracts
the sulcus like skeleton. In the present study, that point was the cr;nﬂur:ncu
of the parietg—emipita[ and calcarine sulci (PO-C point).

The tracing starts with a preselected pixel, given as an input, which is
used as a “seed” that belongs to a specific curve (e.g., the confluence of
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the parieto—occipital and calcarine sulci). Then the fissure skeleton is grown
with a serial detection process where each new element is suggested on the
basis of already selected elements. To prevent tracing to proceed in reverse
and to force tracing in a simple path, each skeleton pixel and its nearest
eight neighbors are excluded from the next steps. The skeleton pixel is as-
signed the maximum intensity value. When the minimal weight of all eight
primary directions accedes threshold value or when the tracing approaches
the cranium, the algorithm terminates the search. The cranium is charac-
terized as being signal void next to the local intensity maximum that can be
detected by scanning the image from its peripheral aspect inward. The de-
tection is further validated by identifying the outline of the brain. In a similar
manner, the boundary of brain parenchyma adjacent to the skull is extracted
and the tracing is terminated when the boundary is reached. We have also
used dynamic programming to extract the sulcus, with similar results.

Image Analysis and Data Reduction

The following measures for the right and left hemispheres were taken.
The length of the sulci (the parieto-occipital or retrocalcarine) was defined
as the longest curve from the intersection between them and the border
of the brain parenchyma. The triangular area between the parieto—occipital
and retrocalcarine sulci was measured as the area of the cuneus. We have
also assessed the complexity of the sulci by measuring the deviation of the
sulcal skeleton from a straight line. This was carried out by calculating the
area bounded between the skeleton and the linear regression line, In order
to gain further insight into possible phenomena related to the sulci’s com-
plexity, we have calculated the Fourier Descriptors (Zahn and Roskies,
1972) of the sulcal skeletons. This measure estimates the spatial frequency
of the curve, such that a winding curve has more high frequency Fourier
Descriptors. There was no marked deviation between the results derived
by using the two methods.

RESULTS

Figure 2 demonstrates individual traces derived from the right and left
occipital lobe, which show good fit. To determine within-hemisphere vari-
ance for the whole sample, all individual traces of the calcarine and
parieto-occipital sulci were superimposed separately for the right and left
hemispheres. Figure 2 shows that sulcal traces on the right and left side
scatter over practically identical areas, suggesting that interhemisphere
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Fig. 2. Final result conducted on a set of noi i in i i
sy parasagittal brain images. § i
18 sulcal traces for the right and left h:ulisphn:r:.g S i

asymmetry in‘ the sampled region must be comparable. This impression was
furth‘er examined by assessing several major sulcal measures obtained for
the‘n:ght and left hemispheres. These are the angle created by the parieto-
occipital and calcarine sulei (PO-C angle), cuneal area, and sulcal com-
plexity, Table I summarized the data along with the results of matched-pair
ftest. It s_hcrws a trend (albeit marginally significant) toward a more tor-
‘tuous parieto-occipital sulcus in the left hemisphere. A similar trend of
the left cqlc;{rine suleus appeared to be nonsignificant. Table II demon-
stratc:s a significant degree of correlation between PO-C angle and cuneal
area in the right and left hemispheres. In contrast, there was a meager
right-left correlation of sulcal complexity measures. .

DISCUSSION

'I:h-:r present study showed that ASI is a practical method that requires
very limited training for the identification and quantification of sulci wil]:I
a degree of accuracy of a skilled operator. Also, once a sulcus was traced
ASI automatically initiated a search of a similar pattern in windows or fih:;
(e.g., relevant sections of the same area of another hemisphere) as soon
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i i Hemispheres
Values of Sulcal Measures in the Right and Left
Table L Group 1 SDF
Variable Right Left 117 P

PO-C angle B5.5 (18.0) 90.9 (13.1) 133 3.330'1?3
Cuneus area 306 (0.99)  3.26 (0.92) F—E; .
PO complexity 2.01 (0.ET) 2.43 (1.00) o O
C complexity 477 (186) 498 (1.69) 13 [t
Cos(NASION) 0.94 (0.03) 0.95 (0.02) :i‘; i
Cos(INION) 0.69 (0.10) 0.69 (0.10) ;

“P(: parieto-occipital; Ct calcarine; Cos(NASION): cosine of {PO-G MASION, INION}
angle; Cos(INION): cosine of {PO-C, INION, NASION} angle.

Table 1. Pearson Correlation Matrix for Suleal Measures
4 5 6

Yariable 1 2 3

PO-C angle 047"

Cuneus area 074 T
PO complexity 3 S
C complexity i e
Cos{NASION) -
Cos{INION)

9gap Table 1 for abbreviations.
bp < (.05, one tailed.

T

as a familiar set of landmarks was entered. It s]J_luuld be noted t?attﬂlueé
acceptance criteria of the algorithm are deterrmn:d‘bylthn: con ;:ssen-
neighboring pixels. Therefore, the process of slfeletnm?amnhmayhﬂ 454
sitive to noise and signal dropout in the image (i.e., regions where boun :
ries cannot be defined). This is known to happen due to fmatomu_'.a‘
variation with a lack of continuity in the sqlcus. Sur,:h Ultﬂrrupllﬂ;'lﬂ areom
frequent and are expected to occur in the distal portions of the sulcus ( t:;:
et al., 1990). However, in a fe-.-.: cases, where the sulcus;l was mts;gugw r;
the algorithm-was capable of bndging1 the gap. .I“ fact, there was o
detection failure (loss of trace) even in a relatively degraded un:fe. i
in one case with a somewhat idiusyncratic‘ sulcal pattern dfd the T.gl'?r[lﬂ
forced a false identification of the calcarine sullcus. Cuns_istfznt wi mdy;—y
lobodsky et al. (1991), this is most likely when }ts course is mtm:rup P
side branches, especially if they are connected with the paracalcarine S'E:!It c;e
Another advantage of ASI mcntiuncd1 above, cumpan:_d to a:;a: a .
packages, is in that it permitted an automatic sea_mh, extraction, En Ag;]:;ﬂr
tification of the same feature in a differept I}amt&ght_re. We use i
a problem that has a wide range of applications, in interpreting the ele
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trophysiology of the visual system (Myslobodsky e al., 1991; Srebro, 19903,
neurosurgery (Stensaas ef al, 1974), in a search of anatomical correlates
of brain laterality (Habib er al, 1984; Geschwind and Levitsky, 1986), in
identifying interindividual variance of sulcal profiles, etc. So far, the bilat-
eral comparison of sulcal patterns was conducted interactively for the major
brain sulci, such as the Central and Sylvian fissures (Habib et al, 1984;
Geschwind and Levitsky, 1986; Steinmetz et al., 1989). The sulcal pattern
of the occipital lobe is known to have a significant degree of complexity
and individual variability (Connolly, 1950; Stensaas et al., 1974). The results
of the present study showed, however, that the asymmetry in the sulcal
pattern in the occipital lobe is meager. This is consistent with the previous
findings based on an interactive identification of occipital sulci on MR im-
ages (Myslobodsky ef al, 1991). However, the present finding suggests that
sulcal complexity might be an acceptable measure of right-left differences
in sulcal patterns. The interhemisphere correlation of this measure was
minimal. The parieto-becipital sulcus appeared to be more tortuous in the
left hemisphere. This result might prove significant with an increase in the
sample size. In view of the exploratory nature of the study the same applies
to a small and nonsignificant trend toward increased size of the left cuneus
that is counter to the recent anatomical findings by Ono et al. (1990). We
mention it to caution that the anatomy of the mesial part of the occipital
pole size is expected to vary due to the selection of the midline in MR
imaging. MR images in the sagittal plane are aligned with the interhemi-
spheric fissure. The interhemispheric fissure may be curved in more than
30% of the subjects due to occipital falx deviation (Myslobodsky and
Weinberger, 1987). As a result, the medical surface of the occipital lobe
may not be coplanar with the surface of MR imaging. A slight increase in
the size of the hemisphere may occur when the cut traverses the occipital
pole. Also, given that the falxis typically deviated to the right (Myslobodsky
and Bar-Ziv, 1989; Myslobodsky and Weinberger, 1987), a part of the left
occipital pole could actually be imaged with the right hemisphere. The same
problem could conceivably complicate the identification of the most caudal
portion of the calcarine sulcus since the latter seldom reaches the end of
the occipital pole (Stensaas ef al, 1974). Still another possible hazard is
that our major cranial reference, the ni line, traverses external anatomical
landmarks of exceptional variability. Formally defined, the nasion is the
intersection of the fronto-nasal suture and the median plane (Howells,
1973). Given that the nasion was defined in cuts placed 5 mm from the
midline, only the general fronto-nasal curve was visualized. Its deepest
point that was read as the nasal root could vary and show asymmetry in
the two paramedial cuts. The opposite landmark, the inion, is often difficult
to define inasmuch as in MR images it is seen as a signal void and it may
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not be coplanar with the interhemispheric fissure (Myslobodsky and Bar-
Ziv, 1989; Myslobodsky et al., 1991). Therefore, the right and left ni lines
may not be strictly parallel, Thus the accuracy of sulcal identification on
the mesial brain surface can be greatly improved by using the thinner cuts
located close to the midline.

In summary, the algorithm may be helpful in identifying sulcal profile
in any “twin” structure whenever a familiar set of landmarks were entered.
ASI was explored in a rather simple terrain of the flattened medial aspect
of the hemispheres with both sulci having practically uninterrupted course.
The choice of the area was a compromise sufficient for our main purpose
of examining the method.
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