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A human skull, buried about 2500 years ago in a Bronze Age cemetery at Jinggouzi, a site of an

important ethnic group in ancient China, appeared to have characteristics of fibrous dysplasia.

The CTimages indicated a reduction in bone density and relatively homogeneous lesions. More
features were revealed using CT reconstruction techniques. Lesions seen in low-magnification

images using a 3D deep-field microscope had an irregular honeycomb-like structure. At higher
magnification, the trabeculae morphology and the gaps between the trabeculae were irregular
and varied in size and shape. Paraffin-embedded specimens stained with HE showed trabeculae
with tortuous irregular arrangements varying in shape and width. The irregular trabeculae of
woven bone has been described as having fibrous dysplasia. Molecular analysis of the GNAS
gene indicated no mutation. This provides a non-invasive approach for us to make more compre-

hensive diagnoses and to assist research into ancient human diseases.
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INTRODUCTION

The study of ancient populations across thousands of years of human history greatly helps our
understanding of the pathogenesis of human diseases (Thompson et a/. 2013). The premise of this
work is the diagnosis of ancient diseases (de Boer et al. 2013). With progress in biology and med-
icine, archaeologists and palaeopathologists can obtain a great deal of biological information from
ancient human specimens (Thompson ef al. 2013). More information can be obtained from well-
preserved specimens, including relatively detailed information at the level of tissue cytology and
molecular biology (Mitchell ez al. 2013; Schuenemann et al. 2013; Appleby et al. 2014). This pro-
vides the opportunity for us to make more comprehensive diagnoses to assist further research into
ancient human diseases (Gerszten et al. 2012; Thompson et al. 2013; Appleby et al. 2014). How-
ever, since cases of rare diseases reported in the literature for ancient humans are obviously very
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limited, advanced techniques need to be employed to make more comprehensive diagnoses of
ancient disease (Papagrigorakis et al. 2012; Monge et al. 2013).

Computed tomography (CT) plays an important role in exploring ancient human diseases (Wu
and Schepartz 2009; Wade et al. 2012; Thompson et al. 2013). In the HORUS study, the use of
CT clarified key points in the diagnosis of ancient coronary artery diseases (Thompson et al.
2013). This non-invasive imaging method can reveal radiographic features in blind spots and
reduce any possible damage to the specimen by avoiding other more invasive endoscopic
techniques (Cavka et al. 2012). Various CT reconstruction techniques have had a significant
impact on bioarchaeology (Cavka et al. 2012; Wade et al. 2012; Thompson et al. 2013). How-
ever, most reports on CT reconstruction techniques, tissue transition projection (TTP) and CT
virtual endoscopy (CTVE) are in the field of modern medicine and there are few reports in
archaeology (Willmon et al. 2013). CT reconstruction techniques were used in our research to
reveal the bone lesions of fibrous dysplasia (FD).

In modern medicine, the clinical features of FD include cranial asymmetry, facial deformity,
hearing loss, proptosis, visual impairment and unilateral blindness when the optic foramen is in-
volved (Lee et al. 2012a). Craniofacial FD is a rare disease and only a few case reports of ancient
humans with the disease have been found in the literature (Wells 1963; Canalis et al. 1980;
Gregg and Reed 1980; Papagrigorakis et al. 2012; Monge et al. 2013).

A paraffin section with a haematoxylin and eosin (HE) stain is the main means of clinicopath-
ological diagnosis. HE staining of bone samples is used in modern medicine more widely than in
archaeology (Schultz 2001; Gerszten et al. 2012; de Boer ef al. 2013). Some researchers have
found that dry bone samples without decalcification can improve diagnostic power (de Boer
et al. 2012). We attempted to observe the microstructure of the lesions by HE staining. An optical
depth-of-field microscope was used to view the section; such a microscope is generally used in
the field of engineering, and is seldom used in palaeopathology.

Craniofacial FD is a disorder caused by a GNAS gene mutation that leads to the normal struc-
ture of bone being replaced by woven bone trabeculae and fibrous tissue (Lee et al. 2012a). The
GNAS locus at 20q13.2—q13.3 encodes the a subunit of the Gs G-coupled protein receptor. In
bone, constitutive Gso signalling results in impaired differentiation and proliferation of bone
marrow stromal cells. Proliferation of these cells causes replacement of normal bone and marrow
with fibrous tissue.

The abnormal skull specimen that is the focus of this research was recovered from Jinggouzi
(about 2485 BP), a Bronze Age cemetery site in the east of the ancient Great Wall region in
northern China. We found that the specimen seemed to have a cranial FD lesion. This study
developed an appropriate combined approach using CT technology and microscopic images to
diagnose FD. We also tried to use molecular biology to help with the diagnosis.

MATERIALS AND METHODS

Sample

The skull specimen (Fig. 1) was discovered at Jinggouzi cemetery in Linxi County, Chifeng City,
Inner Mongolia Autonomous Region, in northern China. It is located on the north bank of the Xar
Moron River and south of the extension of the Greater Khingan Mountains. Between 2002 and
2003, with the permission of the State Administration for Cultural Heritage, 58 nomad tombs
were excavated in an area of 1870 m? by the Research Centre for Chinese Frontier Archaeology
of Jilin University. The direction of these tombs is north-west — south-east. The vast majority of
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Figure 1  Colour photographs taken with an ordinary camera (a, b), shaded surface display (SSD) images (c, d) and
maximum intensity projection (MIP) images (e, f). [Colour figure can be viewed at wileyonlinelibrary.com]
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the tombs contained multiple individuals. The most prevalent burial objects consisted of bone ar-
tefacts, pottery, bronze ornaments and arrowheads made of deer antler, which represent an early
nomadic population of the ancient DongHu people—a famous ancient nomadic ethnic group that
has played an important role throughout Chinese history (Wang et al. 2010). After excavation, all
the finds, including the specimen, were preserved at the Research Centre for Chinese Frontier
Archaeology, Jilin University.

The specimen belonged to an individual labelled 02LIJMS55:B, from tomb M55, which was a
nearly rounded trapezoid vertical tomb similar to other tombs (Wang et al. 2010). No similar
abnormality as in this specimen was found among the other skulls. Five individuals in the tomb
were all disturbed after burial due to a custom in this region. Both sides of the tibia and fibula
of individual M55B were missing. The other individuals in this tomb were incomplete adoles-
cents and infants. Carbon dating was conducted and provided a date of 2485 +45 BP. The dating
result is in accordance with the archaeological cultural characteristics and falls within the Bronze
Age in China (Wang et al. 2010). The sex and age of this individual were determined based on
the skeletal remains using the pubic symphysis, the innominate bone and the cranium (Brooks
and Suchey 1990; Buikstra and Ubelaker 1994). Various skeletal indicators, such as pubic sym-
physeal morphology, dental wear and some features on the skull, suggested that the individual
was a male who died at the age of approximately 22 years old.

CT Imaging and 3D reconstruction

The skull was scanned using a 64-slice CT, GE Discovery High Definition 750 CT scanner (GE
Healthcare, Milwaukee, WI, USA), using 120kV and 300 mAs. The field of observation was
25 cm and the slice thickness of the reconstruction was 0.6 mm. CT scan data were reconstructed
using the advanced volumeshare 4.0 (ADW4.0) imaging software on a CT workstation. Multiple
techniques, including shaded surface display (SSD), multiplanar reconstruction (MPR),
maximum intensity projection (MIP), TTP and CTVE, were employed in image analysis and
secondary image reconstruction.

Histopathological observation

Some lesion tissue specimens were observed directly with a VHX-2000 series microscope
(KEYENCE). Unlike conventional optical microscopes, it has a real-time zoom lens (RZlens)
and a high dynamic range (HDR) function, synthesizing three-dimensional (3D) images by
capturing multiple colour images at different brightness levels to observe the specimens. Other
lesion tissue specimens were fixed with formalin, before being embedded in paraffin and stained
with HE.

Genomic DNA extraction and amplification

The DNA extraction protocol used followed published methodologies (Ong et al. 1998; Rohland
and Hofreiter 2007). Genomic DNA was amplified using the arbitrary primer PCR technique.
Seven arbitrary primers were used, as follows: (1) 5-CCGGCTACGG; (2) 5'-CAGGCCCTT
C; (3) 5-AACGGTCACG; (4) 5-AGCTGCCGGG; (5) 5'-AGGCATTCCC; (6) 5'-GGTCTG
AACC; and (7) 5-AAGGCTAACG. Genomic DNA extracted from the ground power of the
upper left 7th tooth from a healthy individual (Dr Y. Huang) was used as a control.
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RESULTS

Visual inspection

Colour photographs (Fig. 1) taken with an ordinary camera showed bulging growth in the
right frontal and orbital bone. The remains were relatively intact after the fragments had been
joined together with glue, and parts of the sphenoid and occipital bones are absent. Simulta-
neously, the optical canal and bone surrounding the nerve could not be seen clearly with
the naked eye.

Cranial asymmetry and facial deformity could be seen because of the existence of lesions.
There may have been proptosis as a result of the change in shape and smaller volume of
the right side of the orbit. The SSD imaging results were similar to the external gross mor-
phology observed with the naked eye. The MIP images showed low-density lesions, visible
on the right side.

Imaging and 3D reconstruction

Coronary and axial MPR images (Fig. 2) showed FD lesions in the right of the skull. Localized
differential bulging of the disease involved great wings of sphenoid bone, frontal bone and tem-
poral bone. The tissue of the lesion was discontinuous and broken into irregular fragmentation
and the central structure of the lesion was absent. The bone around the region of the right optic
nerve canal was defective in the MPR images (Fig. 2).

We found that the texture of the lesion area was relatively uniform, with a ground glass change
and cortical hyperplasia at the edge of the involved bones in (a), (b) and (c), which were axial,
sagittal and coronary MPR images, respectively. The structures of the involved bones were clear,
and no fusion was found between the adjacent bones. MPR images of the right orbit showed that
the lesion involved the right lateral and upper walls, with a reduction of orbital volume, and clin-
ical presentation of exophthalmos may have occurred. A change in the orbital structure can lead
to the restriction of eyeball movement, and strabismus and diplopia may present. The left optic
nerve canal was complete in the axial (d), sagittal (e) and coronary (f) MPR images. The bone
in the region of the right optic nerve canal was incomplete and just at the edge of a lesion in
(g), (h) and (i), which were axial, sagittal and coronary MPR images, respectively. The right optic
nerve could have been affected, consequently including abnormal vision.

In Figure 1, the SSD images showed that the surface of the bulge lesions was smooth except
where broken. The MIP images showed low-density lesions visible on the right side. Further-
more, using TTP technology, a disturbance of the endometrial structure in the FD lesions was re-
vealed, as shown in Figures 3 (a) and 3 (b). The morphology of the intracranial membranes and
the hollow organs was displayed clearly and completely in the TTP images.

Virtual endoscopy was also applied to observe the right orbit and the internal structure of the
skull. The bones of the lesion area bulged into the internal cranium and the cortical bone was in-
complete. Irregular sutures had formed in the lesion (Fig. 3 (c)). The entrance to the right optic
nerve canal is displayed clearly in Figure 3 (d), and the wall of the right optic nerve canal was
complete, as displayed in Figure 3 (e).

Microscopic and pathological findings

Using a 3D deep-field microscope, the gross specimen of the lesion showed loose bone-like
tissue. Because the disordered trabeculae were connected to each other, the lesions as seen in
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Figure 2 Multiplanar reconstruction (MPR) images of the lesion (a—c), the left optic nerve canal (d—f) and the region of
the right optic nerve canal (g—i). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3 Tissue transition projection (TTP) images (a, b) and CT virtual endoscopy (CTVE) (c—e): (a) the right frontal
sinus was pressured and was not displayed clearly; (b) the cavity of the left frontal sinus, which shifted to the left with the
sagittal suture, was shown clearly; (c) in the bones of the lesion area, irregular sutures have formed in the lesion; (d) the
entrance to the right optic nerve canal; (e) the wall of the right optic nerve canal. [Colour figure can be viewed at
wileyonlinelibrary.com]

low-magnified images (Figs 4 (a) and 4 (b)) had an irregular honeycomb-like structure. At higher
magnification (Fig. 4 (c)), the trabeculae morphology and the gap between the trabeculae were
irregular and varied in size and shape, and part of the margin of the trabeculae showed
wormbhole-like changes.

By HE staining in the paraffin-embedded specimen, we found that the trabeculae with a tortu-
ous irregular arrangement varied in shape and width (Fig. 5). The appearance of irregular trabec-
ulae of woven bone has been described as having a Chinese-like character. The distance between
trabeculae varied and the edge of the trabeculae was not smooth. The distribution between the
trabeculae was uneven.

GNAS gene detection

Genomic DNA was extracted from the teeth and amplified by arbitrary primer PCR. Using arbi-
trary primers 2 and 4 as described in the methods section, we successfully detected the DNA. We
failed to get enough DNA for subsequent gene analysis using other primers. To detect the GNAS
gene, we designed a pair of primers to cover exons 8 and 9 of the GNAS gene, where the muta-
tion on codon 201 (C — T) has been indicated in this disease. The GNAS gene exon 8§ and 9 cod-
ing regions were amplified by PCR using a forward primer, 5'-CCC TCT TTC CAA ACT ACT
CC-3/, and a reverse primer, 5'-AAG CCC ACA GCA TCC TAC-3'.
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Figure 4  Observation by the 3D deep-field microscope: (a) real-time zoom lens (RZlens) imaging (magnification % 30);
(b) High dynamic range (HDR) function imaging, synthesizing 3D images by capturing multiple colour images at differ-
ent brightness levels (magnification % 30); (c) RZIlens imaging (magnification x 200). [Colour figure can be viewed at
wileyonlinelibrary.com]
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Figure 5 Paraffin-embedded lesion samples stained with HE (magnification 10 % 10). [Colour figure can be viewed at
wileyonlinelibrary.com]

We successfully obtained a positive result after amplifying the GNAS gene by PCR from the
two teeth specimens of the human skull 03LIJM55B, as shown in Figure 6. However, when we
sequenced the amplified PCR fragment, we did not find any gene mutation. Our results suggest
that, in this ancient human, FD might not have presented with a codon 201 mutation, or this
specific mutation may have occurred at a later stage of evolution.

DISCUSSION

Modern medical research has provided the foundation for our study of ancient human disease
(Mitchell et al. 2013; Schuenemann et al. 2013; Thompson et al. 2013; Appleby et al. 2014).
Several CT reconstruction methods, such as MPR, TTP and so on, microscopic pathology tech-
niques and molecular biology were used innovatively to diagnose the craniofacial FD. The
archaeological remains of ancient humans are mostly bones and teeth—the skin and soft tissues
rarely survive. Therefore, the clinical characteristics of this archaeological specimen are specula-
tions based on morphological changes of the bone. The information provided by CT scanning is
the basis of a diagnosis of FD. From a radiological point of view, the manifestations in the CT
images include a reduction in bone density and relatively homogeneous lesions of the bone
(Sontakke et al. 2011; Lee ef al. 2012a). The findings from our study and other relevant research
show that radiographic features are very similar between ancient and modern cases. The homo-
geneous density of the lesions is probably because the cells and stromal components in the lesion
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1: 03LJMSE5B-1
2: 03LJMS5B-2
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Figure 6 GNAS gene detection: the accession number of the specimen is 03LJM55B. Two samples (1, 2) from the teeth
of the specimen were analysed simultaneously by PCR. Primers 2 and 4 were used for arbitrary DNA amplification.

have a stochastic distribution, and after about 2500 years these cells and stromal components
have been reduced at random. The radiographic features and pathological results confirmed this.
There was no damage to the cortical bones surrounding the lesion, except for cortical bone thick-
ening as a result of the slow progress of the disease. This change is in accordance with the bio-
logical characteristics of FD (Papagrigorakis ef al. 2012). Because there were no positive visual
findings in other parts of the skeleton, CT scanning of other parts of the skeleton was not
undertaken.

Archaeologists and physical anthropologists sometimes apply MPR and SSD when
researching ancient human bone specimens (Lee ef al. 2012a). This can help us see obvious ra-
diographic features on the most suitable plane. MPR imaging has a direct clinical significance in
determining changes in the optic canal. The location and extent of lesions can be displayed
clearly from different angles using intuitive and 3D SSD images. Because the characteristics of
ancient human bone specimens include the presence of a closed or partially closed cavity struc-
ture, similar to the airway and intestinal structures of modern living human bodies, we not only
used conventional reconstruction techniques, but also applied TTP and CTVE to rebuild the
hollow skull and research FD concurrently. TTP images, which are often used to show the bowel
wall structure in clinical practice (Sontakke et al. 2011), provide a non-invasive evaluation of
the morphology of the intracranial membranes. Tissues and organs adjacent to lesions, especially
hollow organs such as the sinus cavities, are displayed clearly and completely.

Virtual endoscopy is an important screening and diagnostic tool in a clinical setting. Some
researchers have yet to apply this to ancient human specimens. Virtual endoscopy can be used
to observe unknown cavity structures non-invasively; for example, the complete cranial cavity
and the close bone marrow cavity of long bones. Some endoscopes can provide magnified im-
ages directly. TTP and virtual endoscopy provide a potential method for future research in phys-
ical anthropology, including the identification of race and gender by means of the morphology of
intracranial membranes, the comparison of femoral morphology (including bone marrow cavity
characteristics) and mechanical analyses to determine aspects of human activity.

Histopathology can be used to differentiate FD from other similar diseases (Lee ef al. 2012a;
Willmon et al. 2013). The pathological diagnosis of FD is based primarily on changes in the tra-
beculae. Because the tissue and cellular components that existed between the trabeculae have dis-
appeared, the only remains found in ancient specimens are the trabeculae themselves. We
revealed some microscopic image features using 3D depth-of-field observation, including an
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irregular honeycomb-like structure of a lesion and a change in the trabeculae morphology. By
observing paraffin sections with HE staining, we found that the morphology of the trabeculae
from the archaeological specimen was very similar to modern human sections of FD
(Guinebretiere et al. 2013). This supports the diagnosis of FD. The random distribution of the
residual trabeculae contributes to the relatively uniform density of the CT images.

Usually, FD with the involvement of one or multiple sites of bone is the result of a GNAS mu-
tation (Lee ef al. 2012a). The disease is called McCune—Albright syndrome, also known as Al-
bright syndrome, if multiple systems are involved (Abdelkarim et al. 2008; Lee et al. 2012a).
The detection of gene mutations contributes to the differential diagnosis in the early screening
of patients with Albright syndrome (Lietman et al. 2005; Chapurlat and Orcel 2008; Lee ef al.
2012b). Research on ancient DNA has been a problem because in almost all ancient specimens,
DNA is only present in very tiny amounts and in various states of degradation. In our laboratory,
we have succeeded in establishing DNA ultramicroanalysis techniques from cells using an im-
proved silica method. Genomic DNA was successfully extracted from the teeth, even though
the samples were from a 2500-year-old ancient human. This success was probably due to the fact
that the area of the evacuation in China is very dry, and the tooth provided a rather closed envi-
ronment that prevented the DNA from being degraded. We successfully obtained a positive result
after amplifying the GNAS gene by PCR. Interestingly, in this case no codon 201 mutation was
found by gene sequencing; therefore, our results suggest that, in ancient humans, FD might not
present with this specific mutation, although the CT and microscopic images showed the patho-
logical changes. We recognize that many neoplastic diseases involve specific changes at the ge-
netic level, and it is generally thought that the occurrence of diseases is due to the accumulation
of genetic changes. However, our study suggests that certain genetic changes could be the con-
sequence rather than the cause of the disease, at least in FD.

FD also needs to be identified with some skeletal-related diseases. Usually, Paget’s disease,
osteomyelitis, meningioma and osteosarcoma can be distinguished from FD in CT imaging
(Chapurlat and Orcel 2008; Unal Erzurumlu et al. 2015). Patients with Paget’s disease are older
than those with FD (Unal Erzurumlu et al. 2015). The appearance of osteomyelitis is diffuse scle-
rosis, with intermingled sclerotic and lytic lesions (Van Merkesteyn et al. 1988). Periosteal re-
sponse is usually found in osteosarcoma (Unal Erzurumlu et al. 2015). Pathology can help to
identify some rare bone tumours, such as low-grade intraosseous-type osteosarcoma (LGIOS),
which overlap with FD imaging (Bertoni et al. 1993). Erosion of the endosteal cortical bone
and cortical erosion have been found in most LGIOS cases (Bertoni ef al. 1993). Immunohisto-
chemistry may also be helpful in identifying ossifying fibroma and FD (Toyosawa et al. 2007).
Some ossifying fibroma have similar features in CT and pathology compared to FD; therefore,
detection of the GNAS mutation may be of benefit in the diagnosis of FD, or to further confirm
a pathological diagnosis if the pathological results are also uncertain (Toyosawa et al. 2007,
Chapurlat and Orcel 2008).

CONCLUSIONS

The application of modern medicine to research into ancient human tissue samples can help to
achieve a relatively reliable diagnosis of ancient diseases, including some rare diseases such as
FD. The non-invasive observation of ancient human specimens using CT can provide us with
much more detailed morphological information about the lesions. Clinical pathology and
depth-of-field optical microscopic imaging technology mean that the study of residual tissue le-
sions can become more accessible for researchers, providing important evidence for the diagnosis
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of FD. The combination of CT and histopathology provides more comprehensive information
about ancient human disease and improves the credibility of the diagnosis. As well as diagnosing
ancient rare diseases by applying techniques from the fields of engineering science and modern
medicine, we can also diagnose other ancient human diseases that are common in modern soci-
ety, such as cancers, cardiovascular disease and trauma. The ultimate aim of our research is to
view disease across human history, rather than just focusing on the today’s diseases, and the re-
sults will be highly significant for an understanding of disease progression.
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