























hybrid registration, our method can predict much smoother
growth for the relative local area and the relative edge length
from 2 weeks to 12 months.

Smoothness and Consistency of Cortex Growth on ROIs
To further compare the smoothness and consistency in larger
cortical regions, an atlas with 90 labeled ROIs (Tzourio-Mazoyer
et al. 2002) is warped onto the subject image space to label the
subject cortical surface into a set of ROIs. For each RO, the relative
cortical area RAror(#) and the relative edge length RLgo;(#) are
respectively defined as:
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where Tror and Lgop are the set of triangles and edges in the
ROI, respectively, #,.(t) is the length of edge j at time

RARoi(?) is the area of the ROI normalized by its initial area, and
RLgoi(?) is the sum of all edge lengths in the ROI normalized by
its initial value. In Figure 8a,b, the results on 20 randomly
selected cortical ROIs (from 90 ROIs) are given for our method
(red) and the hybrid registration (blue). As we can see, our
model shows much more consistent growth results.

To quantify the smoothness and consistency of cortical folding
features, the relative curvedness RCrop(#) and the relative
sharpness RSgor(#) are also measured from the cortical surfaces
predicted by our method (red) and the hybrid registration (blue)
on 20 ROIs in Figure 8c¢d. As we can see, both curvedness
RCroi(#) and sharpness RSror(#) are decreasing smoothly in most
ROIs with the growth of the brain according to our model, while
they are bumpy by the hybrid registration method.

We also show in Figure 9 the changes of the relative
curvedness on 5 major gyri, including the precentral gyrus,
postcentral gyrus, superior temporal gyrus, superior occipital
gyrus, and superior frontal gyrus, on the 10 subjects by the 2
methods. Although both methods show the consistent de-
creasing trend of curvedness on all 5 gyral ROIs, the results
from our method show much smoother results for all subjects.

Figure 10. ROl-based average curvedness changes on the 10 subjects from 2 weeks to 12 months old. The changes from 2 weeks to 3 months, 3-6 months, 6-9 months, and
9-12 months are shown from the first to the fourth row, respectively. The color bars are given on the right. In each row, both side views and top view are displayed.
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Cortical Folding Pattern from 2 Weeks to 12 Months
Since the above results have already demonstrated the
accuracy, smoothness, and consistency of our proposed
method, we apply it to measure the cortical folding changes
from 2 weeks to 12 months. Note that we use the inner cortical
surfaces reconstructed from images at all 5 time points to help
build our cortical growth model in this experiment.

Since the primary and secondary folding structures have been
developed before birth, the simple increasing of the cortical
surface area will reduce the averages of curvedness and sharpness
from 2 weeks to 12 months as shown in Figure 8¢d, respectively.
The normalized changes of curvedness NRCrop(%, f-1) and
sharpness NRSgoj (%, #-1) from 2 weeks to 12 months on the 10
subjects are illustrated in Figures 10 and 11, respectively.

As we can see, though the normalized changes of curvedness
and sharpness are continuously increasing during the first year,
the cortical folding shows different changing patterns in
different lobes. For example, the frontal lobe shows rapidly
increasing cortical folding during this period, which corre-
sponds to high-level function development in this lobe, as
indicated by red arrows in both Figures 10 and 11. While in the
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occipital and parietal lobes, the cortical folding is increasing
relatively slower as indicated by blue arrows in both Figures 10
and 11. And in the temporal lobe, the folding changes are even
more complex on the 3 major gyri. Specifically, in the first 3
months, the curvedness of the inferior temporal gyrus
increases faster than the middle temporal gyrus and increases
slower after 3 months as indicated by green arrows in Figure 10.
On the contrary, the folding changing speed of the superior
temporal gyrus continues to increase during the first year as
indicated by purple arrows in Figure 11.

The cortical folding also shows different patterns in different
time periods. For example, in the frontal lobe, the curvedness
and sharpness increase fast in the first 3 months and then slow
down from 3 to 9 months, as indicated by red arrows in both
Figures 10 and 11. The average sharpness in both pre- and
postcentral gyri increases consistently during the first year after
birth, although the precentral gyrus shows stronger increasing
folding patterns from 2 weeks to 6 months, as indicated by
orange arrows in Figures 10 and 11.

Certain hemispheric asymmetry could also be observed in
Figures 10 and 11. For example, the left hemisphere shows

Figure 11. ROl-based average sharpness changes on the 10 subjects from 2 weeks to 12 months old. The changes from 2 weeks to 3 months, 3-6 months, 6-9 months, and
9-12 months are shown from the first to the fourth row, respectively. The color bars are given on the right. In each row, both side views and top view are displayed.
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faster increase of sharpness on precentral gyri as indicated by
light orange arrows in Figure 11 from 2 weeks to 6 months,
while the right hemisphere shows faster increase of curvedness
on inferior temporal gyrus as indicated by purple arrows in
Figure 10 from 2 weeks to 6 months.

Since the number of subjects (only 10 subjects in our
results) is limited in our experiment, the statistical significance
of curvedness and sharpness changes is measured by the
P value in nonparametric permutation tests (Nichols and
Holmes 2002) on each ROI with the null hypothesis that the
mean values of and are greater than 1, and the results are
shown in Figures 12 and 13, respectively. These results show
similar pattern as in Figures 10 and 11. However, it is very
interesting that during the period from 6 to 9 months, most
cortical ROIs show no significant increase of curvedness,
especially in the right hemisphere as indicated by red arrows in
Figure 12. And during the first 3 months, the increase of
sharpness in the most areas of occipital and temporal lobe is
not significant as indicated by red arrows in Figure 13.

Discussion and Conclusion

Due to lack of information in the smooth and flat cortical
regions, traditional deformable registration method is limited to
correctly estimate tissue deforation over time in these regions
as shown in our result. Even though longitudinal regulations
could be added to partially compensate for this lack of
information and also generate longitudinal smooth and
consistent deformation to some degree, our model that takes
into account the physical properties of the growing brain is
expected to perform better than the registration method that
simply assumes smoothly varying deformations.

By coupling longitudinal image analysis with physical models
of the cortical growth, we have presented a computational
growth model for cortical development in the first year of life.
Experimental results show its good performance in predicting
cortical surface development at unknown time points in the
first year, with the help of mechanical modeling. These results
also demonstrate that the features of cortical surfaces, such as
curvedness and sharpness, are much more smoothly and
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Figure 12. P values of ROI-based curvedness changes on the 10 subjects, from 2 weeks to 12 months old. The results from 2 weeks to 3 months, 3-6 months, 6-9 months, and
9-12 months are shown from the first to the fourth row, respectively. The color bars are given on the right. In each row, both side views and top view are displayed.
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consistently estimated by our proposed model than those by
the hybrid registration method. Certain interesting develop-
mental patterns of cortical folding in the first year of life are
also reported in our results: 1) the curvedness and sharpness
decrease from 2 weeks to 12 months; 2) the frontal lobe shows
rapidly increasing cortical folding during this period, while the
cortical folding increases relatively slower in the occipital and
parietal lobes; 3) during the first 3 months, the curvedness of
the inferior temporal gyrus increases faster than the middle
temporal gyrus and increases slower after 3 months, whereas
the folding changing speed of the superior temporal gyrus
continues to increase during the first year, and 4) the cortical
folding of the frontal lobe also seems to develop fastest during
the first 3 months and after that slows down. Due to the
complex neurobiological processes involved in the cortex
development during this stage, such as WM myelination,
synapse development, and neuron dendritic projection, our
growth model is not complex enough to cover all possible
developing factors currently. For example, we currently use the
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spatially uniform growth function in our growth model since
we do not know the spatial distribution of growth rate. And
since the axon tension could also have effect on cortical folding
(Van Essen 1997), it is possible to incorporate the axon tension
into our model by making use of DTI data sets. In the future
study, a more advanced and sophisticated model further
involving WM and functional development will be developed
to simulate this procedure.

Since onlythe inner cortical surface isadopted in our method to
represent the geometry of the cortex currently, certainimportant
features of the cortex could not be easily measured from our
results, such as the cortical thickness (Fischl and Dale 2000) and
gyrification index (Zilles et al. 1988), which are usually defined on
the outer cortical surface. However, our current model can still
provide abundant information regarding the cortex development
from different levels and aspects. In the future, we will carry out
more experiments and measurements to further evaluate our
cortical growth model and apply it to a large early brain
development study.
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Figure 13. P values of ROI-based sharpness changes on the 10 subjects, from 2 weeks to 12 months old. The results from 2 weeks to 3 months, 3-6 months, 6-9 months, and
9-12 months are shown from the first to the fourth row, respectively. The color bars are given on the right. In each row, both side views and top view are displayed.
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