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5.4 t 0.2; Northern Hemisphere, 5.5 + 0.1; Southern 
Hemisphere, 5.6 t- 0.1; globe. 5.5 + 0.1. The e-fold 
times for SPO and PSA are based on fewer data than 
for the other sites (2). The uncertainties quoted on 
the global e-fold time (1 SD) include a statistical 
uncertainty in determining the decay exponent and 
the potential influence of drift in calibration refer- 
ence standards and detector nonlinearity. See (2) for 
additional discussion of this and other uncertain- 
ties. Provided that the OH-CH,CC13 reaction rate 
constant and the loss rates of methyl chloroform 
to the ocean and stratosphere are known (14-16), 
the observed global e-fold time defines a lower 
limit of 1.0 (20.2) x l o 6  rad ~ m - ~  to mean OH in 
the global troposphere (22) and upper limits to the 
global lifetimes of other important reduced gases 
such as CH,, hydrochlorofluorocarbons (HCFCs), 
and hydrofluorocarbons (HFCs) that are entirely 
independent of calibration accuracy and emission 
figures for CH3CC13 (2). 

18. Consumption (that is, sales leading to emissions) of 
CH3CC13 in the Northern Hemisphere during 1995- 
1998 accounted for 90 to 95% of global consumption 
(20). Here we assume that this ratio is relevant for 
the distribution of emissions as well. Data contained 
in these reports (19, 20) have been combined to 
provide global estimates of emissions through 1998 
and projections for likely emissions in 1999 (A. Mc- 
Culloch, personal communication, 1999). Global 
emissions of 30 (<40) Gg in 1997, 16 (124) Gg in 
1998, and 13 (<20) Cg in 1999 are calculated from 
this analysis (numbers in parentheses represent up- 
per limits determined by A. McCulloch after consid- 
ering accelerated release and higher total production 
in recent years). 
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Computerized tomography scans of a ferruginous concretion within the chest 
region of an ornithischian dinosaur reveal structures that are suggestive of a 
four-chambered heart and a single systemic aorta. The apparently derived 
condition o f  the cardiovascular system in turn suggests the existence of in- 
termediate-to-high metabolic rates among dinosaurs. 

The three-chambered heart of modem reptiles 
(except crocodiles) includes a single ventricle 
that pumps blood both to the lungs and to the 
remainder of the body. In crocodiles, the ventri- 
cle is composed of two chambers that are in- 
completely separated from each other function- 
ally by the foramen of Panazzi. Thus, in all 
living reptiles, oxygenated blood from the lungs 
and deoxygenated blood from the rest of the 
body mix together to a greater or lesser extent, 
reducing the overall oxygen content of blood 
returned to the body. All modem reptiles have 
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paired systemic aortas arising from the ventricle 
and distributing blood to the body. In contrast, 
the four-chambered heart of modem birds and 
mammals has two completely separated ventri- 
cles and a single systemic aorta, ensuring that 
only completely oxygenated blood is distributed 
to the body. These modifications to the cardio- 
vascular systems of birds and mammals have 
been correlated with metabolic rates that are 
higher than those occurring in living reptiles 
with their incompletely separated cardiac circu- 
lation (I). 

Much of the discussion about higher meta- 
bolic rates in dinosaurs has been focused on 
saurischian dinosaurs and their role in the origin 
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by the recent discovery of hair- or featherlike 
structures preserved with small theropod (sau- 
rischian) skeletons from Cretaceous lake depos- 
its in China (3). Omithischian dinosaurs lack the 
specializations of some small theropods that 
suggest high metabolic rates, including enlarged 
endocranial cavities and complex air-sac sys- 
tems (1). However, by Cretaceous time, com- 
plex dental batteries had appeared in two diver- 
sified lineages of omithischians (omithopods 
and ceratopsians) (4),  suggesting a metabolic 
need to rapidly digest food. Heat flow indicative 
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of intermediate or high metabolic rates, as dern- 
onstrated by oxygen isotope gradients across 
individual skeletons, was similar in large thero- 
pods (tyrannosaurids) and omithischians (hadro- 
saurids and ceratopsids) (5). Here we report the 
discovery of a four-chambered heart with a sin- 
gle systemic aorta, similar to the arrangement 
found in birds and mammals, 4 a specimen of a 
small herbivorous omithischian dinosaur. 

The specimen, housed in the paleontological 
collections of the North Carolina State Museum 
of Natural Sciences (specimen number NCSM 
15728), was discovered and prepared by one of 
us (M. Hammer), who found it in a poorly 
consolidated channel sandstone exposed in the 
upper half of the Hell Creek Formation (Maas- 
trichtian) in Harding County, northwestern 
South Dakota, USA. The extremities and left 
side of the skeleton were lost to erosion. The 
specimen is otherwise very well preserved and 
contains abundant evidence of tissues that usu- 
ally decay, such as sternal ribs and cartilaginous 
plates attached to caudal surfaces of thoracic 
ribs. The skeleton closely resembles that of the 
hypsilophodontid Thescelosatrrus (6), and its 
gracile dentary separates it from fragmentary 
material of the closely related and sympatric 
Btrgenasatrra (7). The circumference of the 
femur (197 mm) suggests a body weight of 300 
kg (a), and the length of the femur (468 mm) 
scales to a total body length of 3.9 m (9). A 

large fermginous concretion is present in the 
pericardial region of the thoracic cavity. 

With one recent exception (lo), traces of 
viscera have not been reported within the tho- 
racic cavity of dinosaurs. To determine whether 
the concretion contained intemal structures, the 
specimen was imaged in left lateral recum- 
bency with a Picker PQ6000 computerized 
tomography (CT) scanner at 120 kV poten- 
tial, 320 rnA-s, with a slice thickness of 4 mm 
and spacing of 2 mm. The images were trans- 
ferred to a SUN workstation and placed in an 
ANALYZErAVW for analysis, thereby clarify- 
ing three-dimensional (3D) structures within the 
concretion. Patterns of shapes and radiodensi- 
ties were found to resemble a four-chambered 
heart (Figs. 1 and 2). Two adjacent cavities 
surrounded by iron-rich walls are readily appar- 
ent, connected to a dorsally arched tube in a 
position that is topologically appropriate for a 
systemic aorta. The thicknesses of the walls de- 
limiting the cavities are consistent with those of 
ventricles and an interventricular septum, the re- 
lative dimensions of which would vary with the 
degree of distension of the heart at death. The 
atria are usually very thin-walled compared to 
the ventricles and often collapse at death, oblit- 
erating their intemal cavities. They are not reli- 
ably discemable in the specimen,'nor are the 
small vessels that are expected in the region of 
the putative heart base. A radiolucent area irnme- 

Fig. 1. Right lateral view of a 3D reconstruction of CT images of the Thescelosaurus specimen 
showing the right (R) and left (L) ventricular cavities, preserved sternal ribs (S), and plates 
resembling uncinate processes (U) attached to thoracic ribs. The apex of the heart has been 
temporarily removed. 

diately adjacent to the systemic aorta, in what 
would be expected to be lung fields, does not have 
any surrounding structural detail to suggest that 
it is associated with the cardiovascular system. 

X-ray diffraction (XRD) analyses indicate 
an abundance of the mineral goethite (alpha 
FeO-OH) in areas interpreted in the CT scans 
as ventricle walls, with iron-free quartz silt 
filling the cavities. Goethite was not found in 
any of the surrounding sediments or bones. We 
suggest that iron-bound oxygen in the mus- 
cular walls mineralized to goethite while in 
contact with groundwater during early dia- 
genesis. A separated piece of a wall shows no 
visible indication of fibrous tissues. Although 
the geochemical processes involved have not 
been well studied (II),  the structures pre- 
served in the pericardial region may have been 
preserved through a process (saponification) 
whereby muscle hydrolyzes under anaerobic 
conditions (12) and subsequently petrifies. 

The presumed systemic aorta arises from 
the left ventricle and measures approximately 
27 mm in diameter near its origin. There are 
no indications of the presence of a second 
aortic arch. If similar to conditions in extant 
crocodiles, the latter arch would be of similar 

Fig. 2. Enlarged right lateral view of a 3D 
reconstruction of CT images of the same spec- 
imen showing the systemic arch (SA) and right 
(R) and left (L) ventricular cavities. 
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size and wall thickness and would emerge 
from the heart in close proximity to the iden- 
tified arch. It is not possible to deduce the 
embryologic origin of the single aorta, to 
verify whether its development paralleled 
that of birds or mammals (13, 14). The ra- 
diographic topology of the aorta is essentially 
identical in adults of both groups (IS). The 
estimated weight of the heart, based on axial 
and transverse measurements, a 20% com-
pression effect on a conic volume, and a 
tissue density of 1 gm/cm3, ranges between 
1.6 and 1.9 kg, which is quite consistent with 
predictions (1.5 to 1.8 kg) from regressions 
based on body weight (16). We do not pos- 
sess evidence that would allow us to reli- 
ably identify other structures within the 
pericardial region. However, the preserva- 
tion of heartlike structures within an un- 
crushed thoracic cavity of one small dino- 
saur suggests that well-preserved vertebrate 
skeletons should routinely be examined for 
traces of non-osseous tissues. 

In general terms, dinosaurs appear to have 
been morphologically intermediate between 
modem crocodiles and birds. This has led to 
the inference that the heart of ancestral dino- 
saurs might have resembled that of crocodiles 
(I), in which left and right systemic aortas are 
present and are linked by a foramen of Pan- 
izza. This foramen can allow either right-to- 
left or left-to-right shunting of blood, depend- 
ing on the phase of the cardiac cycle and a -
variety of physiological variables, including 
the activity level of the animal, that affect 
heart contractility and vascular resistance 
(17). Reid (I)  has suggested that in dinosaurs 
the foramen of Panizza was closed, and the 
blood from the left ventricle flowed into a 
single (right) systemic aorta, as in birds. The 
basis for his speculation is the need to gen- 
erate pressure sufficient to circulate blood 
throughout the body of a large erect animal. 
We suggest that the primary advantage of this 
adaptation was to improve systemic oxygen- 
ation, thereby supporting higher metabolic 
rates. It is hypothesized that physiologically 
controlled right-to-left shunting confers ad- 
vantages on animals with low metabolic rates 
by, among other things, reducing cardiac en- 
ergy requirements (la), although this has re- 
cently been questioned (1 7 ) .  In birds and 
mammals, shunting is clearly detrimental. It 
diminishes an animal's tolerance for sus-
tained exercise by reducing the efficiency of 
systemic oxygen delivery to tissues with a 
generally much higher oxygen demand than 
those of living ectotherms. A four-chambered 
cardiovascular system with a single systemic 
aorta communicating with the left ventricle 
greatly reduces the risk of shunting and can be 
considered a means of more efficiently sup- 
porting prolonged periods of high activity. 

Of the many clades of dinosaurs (4), in at 
least one (hypsilophodontids) there is now 

evidence of an advanced heart with a single Sponsored by Arizona State University, D. L. Wolberg, 
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Susceptibility t o  murine and human insulin-dependent diabetes mellitus cor- 

relates strongly with major histocompatibility complex (MHC) class II I-A or 

HLA-DQ alleles that lack an aspartic acid at  position P57. I-M7lacks this 

aspartate and is the only class II allele expressed by the nonobese diabetic 

mouse. The crystal structure of I-M7was determined at 2.6 angstrom resolution 

as a complex w i th  a high-affinity peptide from the autoantigen glutamic acid 

decarboxylase (CAD) 65. I -M7 has a substantially wider peptide-binding groove 

around (357, which accounts for distinct peptide preferences compared wi th  

other MMC class IIalleles. Loss of AspP57leads t o  an oxyanion hole in I-M7that 

can be filled by peptide carboxyl residues or, perhaps, through interaction wi th  

the T cell receptor. 


MHC genes have been linked with suscepti- is correlated with IDDM resistance, while 

bility in almost all autoimmune diseases (1). neutral residues Ser, Ala, or Val are linked to 

In the case of insulin-dependent diabetes mel- disease susceptibility (2, 3). 

litus (IDDM), a role for particular murine I-A The nonobese diabetic (NOD) mouse pro- 

alleles and their human homologs, HLA-DQ, vides a model system for the study of IDDM. 

has been inferred from numerous studies. I-Ag7 is the only MHC class I1 molecule 

Sequence analysis of these alleles has high- expressed in NOD mice and is strongly 

lighted the importance of a key residue, P57; linked to disease susceptibility. I-Ag7 shares 

an Asp at position 57 of the class I1 P-chain the same a chain as the non-IDDM-linked 
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