
risk, and to determine the modes of LAV 
and AIDS transmission in Africa, which 
may be more diverse than those ob- 
served in Europe and the United States. 
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Noninvasive Three-Dimensional Computer Imaging of Matrix- 
Filled Fossil Skulls by High-Resolution Computed Tomography 

Abstract. A noninvasive computer imaging technique allows three-dimensional 
images of fossil skulls to be generated from two-dimensional serial computerized 
tomographic scan data. The computer programs can "dissect" the skull in different 
planes by making portions of it and any obstructing matrix transparent in order to 
reveal intracranial morphology. The computer image is geometrically precise so that 
linear distances, angles, areas, volumes, and evaluations of symmetry can be 
determined. 

There has not been a satisfactory 
method for noninvasively visualizing in- 
tracranial morphology in fossil skulls in 
more than two dimensions. Skulls sub- 
jected to such paleontological study are 
normally "dissected" by sectioning the 
skull in the desired plane or by piecemeal 
removal of calvarial fragments. Conven- 
tional skull x-ray radiographs and com- 
puterized tomography (CT) scans are 
abstract, two-dimensional representa- 
tions that fail to reveal important three- 
dimensional relations among intracranial 
structures. These limitations to morpho- 
logic analysis are particularly severe in 
paleoanthropology because most fossil 
skulls are too precious to be physically 
"invaded" by scientists wishing to ex- 
amine intracranial structure (1-3). 

For fossil crania filled with hardened 
matrix (w, noninvasive examination of 
intracranial three-dimensional morphol- 
ogy or direct measurement of intracrani- 

al dimensions and volume has not been 
possible without matrix removal. If at- 
tempted, such direct measurements 
would necessarily damage the original 
fossil. Thus, some potentially important 
fossil specimens lie unprepared on muse- 
um shelves with hardened matrix ob- 
scuring anatomical information. 

New computer imaging techniques 
now enable the viewing and analysis of 
fossil specimens filled with matrix. The 
techniques involve computer imaging ca- 
pabilities that produce three-dimensional 
images from two-dimensional CT data. 
The three-dimensional images are 
formed from a series of high-resolution, 
transaxial CT scans of the skull taken at 
2-mm intervals. The method has already 
been used to examine over 500 patients 
with craniofacial deformities, facial trau- 
ma, neoplastic disease of the head and 
neck, intracranial soft-tissue abnormali- 
ties, and musculoskeletal diseases (7-9). 

Fig. 1. (A) A 2-mm slice through the cranial and nasal cavities showing the CT scanner's ability 
(in extended bone range) to clearly distinguish mineralized fossil bone from the hardened 
sandstone matrix within these cavities. (B) The osseous contours are separated from the 
sandstone matrix in each CT slice by setting the window width to 0 and the window level to the 
threshold value representing the CT attenuation that distinguishes mineralized bone from the 
particular matrix. The computer program repeats this procedure for each CT slice to produce 
the three-dimensional images. Scale bars, 5 cm. 
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Lifesize, geometrically accurate models 
have also been produced from the CT 
scan data with advanced computer-aided 
design and computer-aided manufac- 
turing technology (10-12). 

The computer routinely generates 
more than 50 different three-dimensional 
images of the skull from the serial CT 
scans for each specimen. Depth informa- 
tion is encoded in the gray scale. Specific 
regions of anatomical interest can be 
defined and expanded on the computer 
screen while maintaining geometrical ac- 
curacy. Precise data on area, volume, 
symmetry, and linear and angular dimen- 
sions can be generated instantaneously. 
Linear measurements in the plane of 
section have an accuracy in the submilli- 
meter range, which are more accurate, 
objective, and reproducible than the 
same measurements taken by hand on 
the original specimen. Precise angular 
and linear measurements of structures 
even within a matrix-filled cranial cavity 
can also be instantaneously generated; 
such measurements have been impossi- 
ble to obtain previously. 

Of major paleontological significance 
is the fact that any portion of the skull 
may be made transparent by the comput- 
er program to show three-dimensional 
"dissection" of the skull in various 
planes. For example, the top of the cal- 
varia may be "removed" to show the 
intracranial base of the skull (Fig. 3C), or 
the side of the skull can be "removed" 
to view the cranial cavity in a sagittal 
view (Fig. 2C). In addition, if the com- 
puter program could be adapted to make 
transoarent the hardened matrix from 
extra and intracranial surfaces of fossil 
skulls, then the underlying bony anato- 
mv would be'revealed. 

To investigate this possibility, we ex- 
amined a complete fossil skull of the 
Miocene ungulate Stenopsochoerus (13). 
The specimen is from the Middle Oligo- 
cene (Orellan, approximately 30 million 
years old), Brule Formation, Hat Creek 
Basin, Wyoming. The brain case is com- 
pletely filled with a hard buff-colored, 
fine- to medium-grained sandstone. In 
addition, the lower jaw is embedded in 
matrix and fused to the underside of the 
cranium such that the palatal and basi- 
cranial morphology of the fossil are com- 
pletely hidden from view (Fig. 4A). The 
temporal fossae are also completely 
filled by the sandstone matrix, obscuring 
the anatomy of the orbit and postorbital 
region (Fig. 3A). 

Sequential high-resolution, narrowly 
collimated (2 mm) CT scans of Stenopso- 
choerus were obtained from third-gener- 
ation CT scanners (Siemens Somatom 2 

and Somatom DR 3). The resolution of is used. The fossil was placed in a water 
the images is excellent with pixel size in bath during scanning to reduce scanning 
the plane of section being less than 1 artifacts. Water emulates the soft tissue 
mm2. A 256 by 256 reconstruction matrix coverings of the skull in life for which CT 

Fig. 2.  (A)  Lateral view of the original fossil skull. 
( R )  Three-dimensional image of fossil in lateral view 
produced from 7-mm serial CT scans of the skull. 
Note matrix "removal" from orbit and interdental 
region. (C) The skull can he "sectioned" in any 
plane to look inside the cranial cavity: in this case a 
sagittal three-dimensional image has been generated 
from the same 2-mm serial CT data. The matrix filling 
the cranial and nasal cavities in the original fossil has 
been "removed" in the reconstructed image to re- 
veal the supra and infra tentorial portions of the 
cranial cavity and the overall size of the nasal cavity. 

Fig. 3. (A) Top view of original fossil. ( R )  Three- 
dimensional top view of fossil generated by 2-mm 
serial CT scans. Note the matrix "removal" in the 
temporal fossae. (C) A hird's eye view into the 
cranial and nasal cavities after the computer has 
"removed" the top of the calvaria and the intracrani- 
al matrix. 
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vestigators to actually "dissect" a ma- 
trix-filled fossil noninvasively in any de- 

Fig. 4. (A) A bottom view of the original fossil. (B) Three-dimensional bottom image of the skull 
generated from the 2-mm serial CT scans. In the original fossil the palate and basicranial axis 
are completely hidden from view by the sandstone matrix. The computer image has "removed" 
the matrix to reveal the previously obstructed basicranial axis. 

scanners are optimized. Extended range 
bone reconstruction was used since the 
CT density of fossil bone and matrix lies 
beyond 1000 Hounsfield units, the upper 
density limit for normal CT scanning. 
The scans were automatically stored on 
floppy disks (14). 

Three-dimensional views included 
frontal, rear, 45" oblique (anterior and 
posterior), top, bottom, and both lateral 
projections. Selected portions of the 
skull were made "transparent" in order 
to look inside the fossil skull (for exam- 
ple sagittal and bird's eye views). 

The computer program for surface re- 
construction reads each of the original 
high-resolution axial CT scanss in se- 
quence from the cartridge disk and loads 
the image into, the 256 by 256 display 
memory. In passing from the top to 
bottom of each image extracranial ma- 
trix, mineralized fossil bone, and intra- 
cranial matrix are sequentially encoun- 
tered (Fig. 1A). 

Each column of the image is read in 
sequence from left to right. The osseous 
contour is extracted (Fig. 1B) by com- 
paring each value of CT density in the 
column from top to bottom of the image 
with a preset threshold (8). This thresh- 
old represents the CT attenuation that 
distinguishes the mineralized fossil bone 
from the sandstone matrix (approximate- 
ly 1650 Hounsfield units in this fossil 
specimen). The index of the element in 
each column where the transition from 
matrix to bone occurs is the osseous 
contour for the CT scan slice being pro- 
cessed. This index value is scaled and 
output to the cartridge disk as a line in 
the reconstructed osseous three-dimen- 
sional surface image. In order to com- 
plete the surface reconstruction, each 
succeeding CT scan is loaded into dis- 
play memory, the. osseous contour is 
extracted, and the contour is written on 
the cartridge disk. At the completion of 
this process, over 50 geometrically accu- 
rate, three-dimensional views of the orig- 

inal fossil skull (with the hardened ma- 
trix "removed") are routinely generated 
(Figs. 2 to 4). 

The gray-scale values in the three- 
dimensional reconstructions represent 
actual distances and, within the geomet- 
ric resolution of the CT scanner, can be 
used for rectilinear measurements. Rota- 
tion of contour extraction from the origi- 
nal scan data by a selected angle (0 to 
90") permits reconstruction of surfaces 
from various oblique projections. Rota- 
tion is accomplished by elementary two- 
dimensional matrix operations and hid- 
den surface removal frequently used in 
computer graphics (15-20). 

In the examples of three-dimensional 
views of Stenopsochoerus derived from 
the serial CT scans (Figs. 2 to 4), the 
sandstone matrix has been made trans- 
parent by the computer program to re- 
veal the actual bony contours of the 
fossil skull. Figure 2 shows a lateral view 
of the actual fossil as well as a three- 
dimensional reconstruction and a sagittal 
view reconstruction, both derived from 
the serial 2-mm CT scans. With the ma- 
trix filling "removed" from the cranial 
and nasal cavities in the sagittal view 
(Fig. 2C), the level of the tentorium 
cerebelli and the relative size of cerebral 
and cerebellar hemispheres can be deter- 
mined. Linear and angular intracranial 
measurements can also be generated 
from this view. The top view of the 
actual fossil skull (Fig. 3A) compared 
with the same view generated by the 
computer (Fig. 3B) shows the complete 
"removal" of the matrix filling both tem- 
poral fossae. By having the computer 
"remove" the top of the calvaria and the 
intracranial matrix, one can look inside 
the cranial and nasal cavities (Fig. 3C). 
In Fig. 4, a bottom view of the actual 
fossil compared with the computer-gen- 
erated image shows how the hard palate 
and basicranial axis, hidden in the origi- 
nal fossil, are revealed. 

These computer techniques allow in- 

sired plane with a spatial resolution of 
less than 1 mm in the plane of section. 
Paleontologists will be able to generate 
highly accurate linear and angular mea- 
surements of a matrix-filled cranial cavi- 
ty and will also be able to determine 
more accurate area and volume parame- 
ters in matrix-filled structures than has 
been previously possible. 

GLENN C. CONROY 
Department of Anatomy and 
Neurobiology and Department of 
Anthropology, Washington University 
School of Medicine, 
St. Louis, Missouri 631 10 

MICHAEL W. VANNIER 
Mallinckrodt Institute of Radiology, 
Washington University School of 
Medicine 

1. R. Hollowav. Phil. Trans. R. Soc. London Ser. 
B 292, 155 (1981). 

2. H. Jerison, Evolution of the Brain and Intelli- 
ence (Academic F'ress, New York, 1973). 

3. t. Rad. ~nsky, J .  Human Evol. 6,79 (1977). 
4. R. Holloway, Nature (London) 243,97 (1973). 
5. R. Leakey, J. Mungai, A. Walker, Am. J .  Phys. 

Anthro. 35, 175 (1971). 
6. R. Leakev and A. Walker. Nature (London) 

261, 572 (1976). 
7. M. Vannler, J. Marsh, J. Warren, Comput. 

Gra hics 17, 263 (1983). 
8. J. & arsh and M. Vannier, Plast. Reconstr. 

Surg. 71, 759 (1983). 
9. M. Vannier, M. Gado, J. Marsh, Am. J. Neuro- 

radiol. 4, 520 (1983). 
10. M. Vannier. J. Marsh. J. Warren. J. Barbier. J. 

Diagn. ~maging 5, 36 (1983). 
11. , J .  Electron. Imagin 2.48 (1983). 
12. M. Vannier, J. Marsh, J. %amen, Radiolorn -- 

la. 179 11984). - - -, . . . . . . - . , . 
13. M. Thorpe, Mem. Peabody Mus. Nat. Hist. III 

(No. 4). 1 (1937). The speclmen (Frick American 
Museum, 45192) was obtained from the Ameri- 
can Museum of Natural History in New York. 

14. Disks containing the original scan data were 
copied into a CT scan evaluation console (Sle- 
mens Evaluscope RC) for three-dimensional 
surface reconstiuction. These reconstructions 
are made overnight. without the need for an 
operator to be present. More than 50 three- 
dimensional views are routinely created from 
each set of original CT scans. The number of CT 
scans in this set was 50 (oriented approximately 
parallel to the cranial base) for the complete 
Stenopsochoerus skull. The three-dimens~onal 
views were reconstructed and stored in the 
scanner console disk memory with the same 
format as ordinary CT scans. The threedimen- 
sional images were then copied to blank floppy 
disks, manipulated by window level and width 
controls, and photographed like any ordinary 
CT scan. 
W. Newman and R. Sproul, Principles o Inter 
active Computer Graphics (McGraw-Hi& ~ e w  
York, 1979). 
D. Rogers and J. Adams, Mathematical Ele- 
ments for Computer Graphics (McGraw-Hill,. 
New York 1976). 
W. Totty and M. Vannier, Radiology 150, 173 
(1984). 

18. M. Vannier, J. Marsh, M. Gado, W. Totty, L. 
Gilula, R. Evens, Hectromedica 51, 122 (1983). 

19. D. Ballard and C. Brown, Computer Vision 
(Prentice-Hall, Englewood Clilfs, N.J., 1982). 

20. J. Foley and A. Van Dam, Fundamentals qf 
Interactive Computer Graphics (Addison-Wes- 
ley, Reading, Mass., 1982). 

21. We thank M. Novacek of the American Museum 
of Natural History for the loan of the fossil 

imens used in this study and R. Knapp, T. 
z p t o n ,  and R. Freund for technical and pho- 
tographic assstance. Supported by NSF grant 
BNS-8406733. 

2 March 1984; accepted 1 August 1984 

SCIENCE, VOL. 226 




