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Ancient DNA (aDNA) genome-wide analyses 
have provided major insights about genetic 
structure in past populations, detailed 
population movements and admixture 
events, revealed phenotypic variation, and 
provided evidence of selection (1–7). Next-

generation sequencing (NGS) has led to 
significantly lower sequencing costs and 
improved sequencing output, opening doors 
to the massively parallel production of genetic 
data from ancient individuals (8). In the last 
3 years, NGS has led to a 100-fold increase 

in the number of ancient human specimens 
analyzed as well as the magnitude and 
coverage of the genomic data obtained 
(9,10). Additional recent developments in 
aDNA analysis have focused on increasing 
DNA yields through optimized extraction 
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Ancient DNA (aDNA) research involves invasive and destructive sampling procedures that are often incompat-
ible with anthropological, anatomical, and bioarcheological analyses requiring intact skeletal remains. The osseous 
labyrinth inside the petrous bone has been shown to yield higher amounts of endogenous DNA than any other 
skeletal element; however, accessing this labyrinth in cases of a complete or reconstructed skull involves causing 
major structural damage to the cranial vault or base. Here, we describe a novel cranial base drilling method (CBDM) 
for accessing the osseous labyrinth from the cranial base that prevents damaging the surrounding cranial features, 
making it highly complementary to morphological analyses. We assessed this method by comparing the aDNA re-
sults from one petrous bone processed using our novel method to its pair, which was processed using established 
protocols for sampling disarticulated petrous bones. We show a decrease in endogenous DNA and molecular 
copy numbers when the drilling method is used; however, we also show that this method produces more endog-
enous DNA and higher copy numbers than any postcranial bone. Our results demonstrate that this minimally-
invasive method reduces the loss of genetic data associated with the use of other skeletal elements and enables 
the combined craniometric and genetic study of individuals with archeological, cultural, and evolutionary value.

Reports

METHOD SUMMARY
Here, we describe a minimally-invasive cranial base drilling method (CBDM) for accessing the DNA-dense osseous labyrinth of the petrous 
part of the temporal bone from the basal region of a complete skull without causing damage to anthropologically important cranial features.

R
EP

R
IN

T 
W

IT
H
 P

ER
M

IS
SIO

N
 O

N
LY



REPORTS

www.BioTechniques.com284Vol. 62 | No. 6 | 2017

protocols (11), improved library preparation 
(12,13), and the addition of enrichment 
techniques prior to sequencing (14,15). These 
developments have led to the first publica-
tions of genome-wide data on prehistoric 
human specimens from non-temperate 
regions, including Africa, the Near East, and 
the Southwest Pacific (2,7,16–19). Never-
theless, an equally important potential area 
of improvement is bone sampling methods. 
This includes establishing which skeletal 
elements are most amenable for aDNA 
analysis (20,21) and how to prepare a bone 
sample for optimal DNA retrieval (22,23).

A significant advance in aDNA analysis 
was the targeting of the petrous part of the 
temporal bone (pars petrosa ossis tempo-
ralis, located between the sphenoid and 
occipital bones at the base of the skull and 
housing the organs of hearing and balance) 
as the preferred region for aDNA sampling. 
While petrous bone is just one of several 
substrates, including tooth cementum (21) 
and hair (24), demonstrated to be superior 
for DNA preservation, human petrous bones 
have yielded up to 183-fold more DNA than 
any other skeletal element tested (rib, tooth, 
or long bone) (20) and have been shown to 
perform better overall than tooth cementum 
(21). A subsequent study of various regions 
within the petrous bone determined that the 
DNA-dense osseous labyrinth (“inner ear”) 
yields up to 64-fold more endogenous DNA 
than the cortical bone encircling it, up to 
177-fold more than trabecular bone from the 
apex of the petrous bone, and up to 410-fold 
more than a corresponding metatarsal bone 
(25). The osseous labyrinth—including the 
cochlea, vestibule, and three semi-circular 
canals (26)—is known to be the hardest and 
densest bone in the mammalian body and has 
been shown to exhibit inhibited bone remod-
eling (27–29), likely contributing to its success 
in preserving DNA. Because many ancient 
samples contain low percentages of endog-
enous DNA (<1%), accessing the osseous 
labyrinth is crucial for obtaining optimal aDNA 

samples for any given specimen. However, it 
remains extremely difficult to obtain a bone 
sample from the osseous labyrinth in an intact 
skull without causing substantial damage 
to the skull. Thus, for complete skulls, a 
postcranial element is often used at the cost 
of a considerable reduction in data quality 
and quantity.

The petrous portion of the temporal bone 
is located inside the cranial vault and cannot 
be accessed through the foramen magnum 
at the cranial base, the only available opening. 
Thus, in the case of any complete or recon-
structed cranium, accessing the petrous 
requires the disarticulation of the temporal 
bone from the rest of the skull, a particularly 
damaging process accomplished either by 
the complete breakage of the cranial vault 
or the removal of the temporal bone using a 
cutting tool. This type and extent of damage is 
often not permissible, particularly in the case of 
skeletal material collected for anthropological 
study, as it interferes with accurate analysis 
of cranial morphology. Moreover, the removal 
of the temporal bone or the obliteration of 
the structure of the cranial vault has a major 
negative impact on the ability to demarcate 
a number of craniometric landmarks used for 
determining patterns of human craniometric 
diversity, assessing selection pressures, 
and estimating biological affinities in ancient 
populations (30). Because craniometric 
studies depend on relatively complete skulls, 
many skulls were never sampled for genetic 
analysis. This has resulted in a decrease in 
sample size or even the complete exclusion 
of particular ancient populations for which 
skeletal remains are scarce.

Here, we report and evaluate a cranial 
base drilling method (CBDM) protocol 
for accessing the osseous labyrinth that 
minimizes damage to complete and recon-
structed crania and prevents the obliter-
ation of essential craniometric landmarks, 
making it highly complementary to anthro-
pological analyses. To explore the efficacy 
of the CBDM in comparison to more 

destructive bone processing conducted in 
an aDNA cleanroom, we selected pairs of 
left/right petrous bones from the same skull 
and processed one side using the standard, 
destructive method in a cleanroom and the 
other using the CBDM on-site in the collec-
tions where the specimens were kept. For 
additional comparison, we also processed 
one corresponding postcranial element in 
a cleanroom. We then sequenced the DNA 
retrieved from these specimens to compare 
the genetic data obtained from the various 
skeletal elements processed using each 
technique. Comparing results for each 
petrous pair, one processed with the CBDM 
and the other processed in a cleanroom, 
we observed on average a small quanti-
tative reduction in human reads (maximum 
3.5-fold), endogenous DNA yield (maximum 
2.1-fold), and human copy number (maximum 
19.3-fold) associated with use of the CBDM. 
However, the CBDM still provides substan-
tially higher endogenous yields and copy 
number than any corresponding postcranial 
element tested. We also observed consis-
tency between the data obtained from the 
CBDM and that obtained from cleanroom-
processed petrous bones. Based on these 
results, we determine that the CBDM 
provides a technique for obtaining high 
endogenous yields and complexity that are 
of a similar order of magnitude as produced 
by cleanroom processing of fragmentary 
petrous bones, while also minimizing major 
damage to important anatomical and 
landmark regions of the cranium. As such, 
it provides a method for obtaining robust 
genomic data from complete crania in a way 
that is complementary to various anthropo-
logical analyses.

Materials and methods
The CBDM protocol and details of extraction, 
library preparation, sequencing, and data 
analysis are provided in the Supplementary 
Material.

Table 1. Selected samples and skeletal elements. 

Site Burial Number Sample Name Processing of petrous Postcranial element

Right Left
Balatonendréd-Vaklápa Öreghegy 36 / 48 / 2013.1.2 BALA36/48 CBDM: cochlea / SCCs Collected Fibula shaft

Balatonendréd-Vaklápa Öreghegy 118 / 201 / 2013.1.16 BALA118/201 Collected CBDM: cochlea / SCCs Left femur shaft

Ecser 223/2008.2.2 Ecser223 Collected CBDM: cochlea Right femur shaft

Ecser 3318/2008.2.19 Ecser3318 CBDM: cochlea Collected Right femur shaft

Ófehértó Almező    i-dű    l  ő    194/442 OFE194/442 Collected CBDM: cochlea / SCCs Left fibula shaft

Ófehértó Almező    i-dű    l  ő    194/443 OFE194/443 CBDM: cochlea Collected Right 2nd metacarpal

Kiskunfélegyháza-Lidl 204 KIS204 CBDM: cochlea Collected Right femur shaft

“Sample name” refers to the sample as it is referenced in the current study.
*SCC: semi-circular canals.
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Sample selection
We selected seven skeletal specimens with 
intact left and right petrous bones and corre-
sponding postcranial elements, allowing us 
to directly compare the genetic data obtained 
from petrous samples drilled on-site using the 
CBDM to (i) the paired petrous bone and (ii) 
a postcranial element; samples from both (i) 
and (ii) were processed in an aDNA-dedicated 
cleanroom. Hungarian specimens ranging 
from the Late Neolithic (ca. 4900–4500 BC) to 
the Late Avar Period (ca. 8th–9th centuries AD) 
were chosen for this analysis (Supplementary 
Table S1). Based on previous analyses of 
prehistoric specimens from eastern Hungary 
(9), these samples were expected to have 
adequate DNA preservation that would enable 
us to detect variations resulting from differ-
ences in bone-processing methodologies 
and, at the same time, assess variations in 
aDNA yield across a period spanning nearly 
six millennia.

For each specimen, we randomly chose 
one petrous bone on which to perform the 
CBDM, while the paired petrous bone was 
collected whole and processed using a 
sandblaster in a cleanroom. The sandblaster 
allowed us to expose and isolate the osseous 
labyrinth in a controlled environment, but 
required the destruction of the majority of the 
petrous bone. We also collected one element 
from each of the corresponding postcranial 
skeletons (either a fragment of long bone shaft 
or metacarpal) and selected a dense region 
of the bone with no macroscopic evidence of 
degradation or damage, to be processed in 
our cleanroom. The skeletal elements selected 
from each sample are summarized in Table 1.

Cranial base drilling
The petrous pyramid is located inside the skull 
and also forms part of the external cranial 
base. Though the petrous part is visible 

from the cranial base, the osseous labyrinth 
is positioned deep within the petrous bone 
and cannot be directly accessed without the 
removal of some layers of bone. Using the 
CBDM, we obtained bone powder directly 
from the osseous labyrinth while minimizing 
damage to the structure of the complete 
skull by entering it at the site of the bony 
ridge separating the jugular foramen from 
the carotid canal on the basal surface of the 
skull (Figure 1).

To access the osseous labyrinth, we first 
reduced the bony ridge by grinding it with 
a 4.8-mm engraving cutter burr attached 
to a Dremel 9100–21 Fortiflex 2.5-Amp 
Stationary Flex Shaft Precision Rotary Tool 
(Dremel, Mount Prospect, IL) that is designed 
to produce high torque at low speeds. We 
controlled the speed of the rotary tool with 
a variable speed foot pedal and aimed to 
keep the speed as low as possible while still 
removing the ridge. The reduction of this ridge 
eventually revealed the hard and rounded 
inferior border of the cochlea. We then 
applied additional pressure while grinding 
to create a small opening into the osseous 
labyrinth. This opening appeared as a small 
hole in the center of the spherical border of 
the cochlea (Figure 2). We placed a 3.2 mm 
engraving cutting burr into this opening and 
moved it in a circular motion while applying 
pressure to obtain a fine-textured bone 
powder. The powder was collected in a 
standard disposable weigh boat that had 
been sterilized with a 10% bleach solution and 
placed under the skull. We collected approxi-
mately 200–300 mg of bone powder, which 
was placed in a sterile Eppendorf tube for 
subsequent DNA extraction.

For each of the 7 ancient specimens, bone 
powder was collected from one petrous bone 
using the CBDM. In between the drilling of 
each specimen, the Dremel rotary tool, all 

grinding burrs and attachments, and the 
work areas were cleaned using a 10% bleach 
solution and treated with ethanol. Gloves 
were changed between processing of each 
specimen to minimize cross-contamination.

DNA extraction and library preparation
DNA was extracted from the bone powder 
collected from CBDM samples as well as from 
the petrous and postcranial bone samples 
processed using the sandblaster following 
the protocol from (11). Libraries for NGS were 
built for all extracts using a modified version of 
(31) and amplified through PCR. All extraction 
and library preparation steps took place in an 
aDNA laboratory physically separated from 
the cleanroom used for powdering bones 
in adherence with standard stringent anti-
contamination protocols. Negative controls 
were carried through all steps of sequencing 
preparation.

Sequencing and data curation
All libraries were sequenced on the Illumina 
NextSeq platform using a High Output v2 
kit (75 cycles). Raw sequencing data were 
processed using a custom bioinformatics 
pipeline. The software cutadapt v.1.5 (32) was 
used to trim adapter sequences. Trimmed 
reads were aligned using the Burrows Wheeler 
Aligner v.0.7.5a-r405 (33) to the GRCh37 
build of the human reference genome with 
the mitochondrial sequence replaced by 
the Cambridge reference sequence (NCBI 
accession no. NC_012920.1). SAMtools 
v.0.1.19–96b5f2294a (34) was used to 
remove PCR duplicates and any reads with 
a mapping quality of <30.

Results and discussion
A summary of the sequencing results is 
presented in Table 2. We treat the results 

 
Figure 1. The unnamed ridge (white arrow) separating the carotid 
canal (anterior) from the jugular foramen (posterior). Photo was 
taken from the inferior aspect of skull with the anterior facing up.

 
Figure 2. Opening into the osseous labyrinth (white arrow) created with the 
cranial base drilling method (CBDM). Photo was taken from the inferior aspect of 
skull with the anterior facing to the left.
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from the complete petrous bone processed 
with a sandblaster in a cleanroom (sandblast 
petrous) as the baseline for all comparisons. 
Comparison of the aligned reads, endog-
enous DNA content, and human copy-
number normalized-per-milligram bone 
powder suggests that there are quantitative 
differences in DNA yield that result from both 
the processing method and the type of bone 
used. We see little to no difference in the 
number of duplicate molecules between these 

processing methods or bone elements, with 
all duplication rates ranging from 0.2%–0.3%.

To compare the magnitude of quanti-
tative differences in bone yield, we calculated 
fold change in aligned reads, endogenous 
yield, and normalized human copy number. 
These results are presented in Table 3. We 
first compared the data recovered from a 
complete petrous bone processed with a 
sandblaster in a cleanroom to that recovered 
from a petrous bone processed on-site with 

the CBDM. We find that the CBDM reduced 
the number of reads aligned to the human 
genome, the endogenous DNA recovered, 
and the quantity of human molecules per 
milligram bone powder. The decrease in 
aligned reads ranged from 0.3- to 3.5-fold, 
with a median decrease of 1-fold. We see 
a reduction between 0.04- and 2.1-fold 
in endogenous DNA yield, with a median 
reduction of 0.7-fold. Finally, we note a 
reduction in human copy number between 
0.1- and 19.3-fold, with a median reduction 
of 4.3-fold. Mann-Whitney tests confirm the 
significance of these reductions with P  = 
0.038 for both aligned reads and endogenous 
DNA percentage and P = 0.01 for human 
copy number (Supplementary Tables S2-S4). 
These data suggest that the highest quantity 
of DNA will be recovered if a complete petrous 
bone is processed inside a cleanroom.

We also compared the data recovered 
from a complete petrous bone processed with 
a sandblaster in a cleanroom to that recovered 
from a postcranial skeletal element processed 
in the same controlled environment. We found 
that using a postcranial element reduces 
the number of reads aligned to the human 
genome, the yield of endogenous DNA, 
and the quantity of human molecules per 
milligram bone powder far more than use of 
the CBDM. When compared with a petrous 
bone processed in a cleanroom, the use of 
a non-petrous element results in a 10.8- to 
2109-fold reduction in aligned reads with a 
median reduction of 74.5-fold. Similarly, we 
observe a 11.9- to 1696-fold reduction in 
endogenous DNA yield (median reduction of 
58.8-fold) and an 85.5- to 1987-fold reduction 
in human copy number (median reduction 
of 154-fold). The significant reduction in the 
above values is again confirmed by Mann-
Whitney tests, with P-values < 0.001 (Supple-
mentary Tables S2–S4). Thus, while the 
CBDM yields a reduced quantity of endog-
enous DNA when compared with processing 
a complete petrous inside a cleanroom, the 
above data suggest that the CBDM is superior 
to the use of a non-petrous postcranial 
element. Given these results, it is clear that 
if access to an isolated petrous bone is not 
possible, the CBDM is decidedly preferable 
to the use of a postcranial skeletal element.

In addition to a quantitative comparison 
of the data generated, we also compared 
nuclear and mitochondrial genomic coverage 
(Table 4). Coverage of the nuclear genome 
ranged 0.05×–0.37× for the cleanroom-
processed petrous bone, 0.03×–0.17× for 
the CBDM petrous, and 0.0001×–0.01× for 

Table 2. Summary of sequencing results.

Sample Skeletal element 
and processing 

method

Total
reads

Aligned reads 
(After removal 
of duplicates)

Endogenous 
DNA

yield (%)

Human copy 
number (per mg 
bone powder)

Duplicates 
(%)

BALA36/48

Sandblast petrous 21450126 12151418 56.65 2.41E+09 0.02

CBDM 19904504 6006696 30.18 4.55E+08 0.02

Sandblast postcranial 17640407 721812 4.09 2.46E+07 0.02

BALA118/201

Sandblast petrous 23605587 16022105 67.87 2.94E+09 0.02

CBDM 16525356 3589650 21.72 1.44E+08 0.03

Sandblast postcranial 18479101 7593 0.04 3.45E+06 0.01

Ecser223

Sandblast petrous 28290826 19983191 70.63 3.56E+09 0.02

CBDM 15801177 6439671 40.75 4.27E+08 0.03

Sandblast postcranial 18573422 55340 0.30 8.48E+06 0.02

Ecser3318

Sandblast petrous 20082351 14525293 72.33 1.58E+09 0.02

CBDM 16927826 9500105 56.12 1.17E+09 0.03

Sandblast postcranial 15903195 192432 1.21 1.02E+07 0.02

OFE194/442

Sandblast petrous 17461944 3162075 18.11 4.01E+08 0.02

CBDM 19595560 1685180 8.60 3.07E+07 0.03

Sandblast postcranial 18148779 142820 0.79 3.59E+06 0.03

OFE194/443
CBDM 17893892 8442926 47.18 1.23E+09 0.02

CBDM 9256342 4171087 45.06 1.15E+09 0.02

Sandblast postcranial 17432281 19140 0.11 6.17E+05 0.03

KIS204

Sandblast petrous 17428513 11647645 66.83 1.37E+09 0.02

CBDM 16443023 8673484 52.75 6.81E+08 0.03

Sandblast postcranial 12622782 652428 5.17 1.58E+07 0.03

Table 3. Comparison of the quantitative changes associated with bone processing method and skeletal element. 

Sample Skeletal element and 
processing method

Fold change: 
aligned reads

Fold change:
endogenous yield

Fold change: human copy 
number (per mg bone powder)

BALA36/48

Sandblast petrous - - -

CBDM 1.0-fold reduction 0.7-fold reduction 4.3-fold reduction

Sandblast postcranial 15.8-fold reduction 12.9-fold reduction 96.7-fold reduction

BALA118/201

Sandblast petrous - - -

CBDM 3.5-fold reduction 2.1-fold reduction 19.3-fold reduction

Sandblast postcranial 2109-fold reduction 1696-fold reduction 849-fold reduction

Ecser223

Sandblast petrous - - -

CBDM 2.1-fold reduction 0.7-fold reduction 7.3-fold reduction

Sandblast postcranial 360-fold reduction 234-fold reduction 419-fold reduction

Ecser3318

Sandblast petrous - - -

CBDM 0.5-fold reduction 0.3-fold reduction 0.3-fold reduction

Sandblast postcranial 74.5-fold reduction 58.8-fold reduction 154-fold reduction

OFE194/442

Sandblast petrous - - -

CBDM 0.9-fold reduction 1.1-fold reduction 12.1-fold reduction

Sandblast postcranial 10.8-fold reduction 21.9-fold reduction 111-fold reduction

OFE194/443
Sandblast petrous - - -

CBDM 1.0-fold reduction 0.04-fold reduction 0.1-fold reduction

Sandblast postcranial 434-fold reduction 428-fold reduction 1987-fold reduction

KIS204

Sandblast petrous - - -

CBDM 0.3-fold reduction 0.3-fold reduction 1.0-fold reduction

Sandblast postcranial 16.9-fold reduction 11.9-fold reduction 85.5-fold reduction

For each sample, the sandblast petrous was used as the baseline for comparisons.
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the postcranial element. Here, we saw a large 
improvement when a petrous was used in 
comparison to a non-petrous element, 
regardless of the processing method. 
While the CBDM resulted in a reduction in 
nuclear genomic coverage ranging from 
0.4- to 3.1-fold, we saw a remarkably higher 
reduction when a postcranial element was 
used, ranging 16.7- to 2899-fold. This is 
reflected in the results of Mann-Whitney 
tests (Supplementary Table S5). Although 
all pairwise comparisons return significant 
differences, non-petrous elements differed 
greatly from petrous data (P < 0.001 and P < 
0.002 for cleanroom processing and CBDM, 
respectively). Although still significant, the 
difference between both petrous-processing 
methods was subtler (P = 0.041).

Coverage of the mitochondrial genome 
parallels this pattern. While the reductions 
in coverage of the mitochondrial genome 
when the CBDM is implemented ranged 
0.3- to 4.2-fold (with 1 sample showing 
an increase associated with the CBDM), 
we note far greater reductions in coverage 
when a non-petrous element is used, ranging 
from 12.3- to 3349-fold. Mann-Whitney 
P-values are <0.001 in the comparisons 
of both petrous processing methods with 
non-petrous elements (Supplementary Table 
S6). Conversely, no statistical significance 
is detected between petrous processing 
methods (P = 0.073). The reduction in data 
associated with the postcranial element 
often precludes the estimation of mitochon-
drial haplogroup. We estimate mitochondrial 
haplogroup for each sample when using 
the petrous bone (regardless of processing 
method); however, we were only able to 
estimate haplogroup in three out of seven 
cases when a postcranial element was used. 
Full mitochondrial haplogroup information can 
be found in Supplementary Table S9.

We provide a new method that is 
optimal for obtaining skeletal material from 
the osseous labyrinth of the petrous bone 
without impacting cranial features critical to 
the morphometric analysis of cranial shape/
size. As most anthropologists, archaeologists, 
and museum curators are reluctant to permit 
destructive sampling of complete skulls, 
much important ancient skeletal material has 
remained unanalyzed or has been studied 
using postcranial elements that compromise 
the resulting data. Here, we show that 
postcranial elements are a poor substitute 
for the petrous bone. While we recognize a 
reduction in the quantity of DNA obtained 
when using the CBDM in comparison to tradi-

tional methods of petrous bone processing, 
the reduction is relatively small in comparison 
to the reduction associated with the use of a 
non-petrous element.

Despite these encouraging results, the 
use of the CBDM to process a sample should 
be decided on a case-by-case basis. When 
DNA preservation is expected to be poor, the 
destructive extraction of the osseous labyrinth 
in a cleanroom may maximize chances of 
successful results. However, for specimens 
that are expected to be well-preserved on a 
molecular level, such as those excavated from 
cold or temperate climates, we recommend 
the CBDM. In these situations, it is likely 
that the CBDM will yield workable data and 
preserve the structure of the skull for anthro-
pological analyses. In contrast, use of a 
non-petrous element is likely to yield less 
data than required for genetic analysis, even 
in well-preserved samples.

It is likely that future work will further 
improve the CBDM. An improvement in 
the quality of the bone powder obtained 
using the CBDM may reduce the amount 
of exogenous material, primarily sediment 
and environmental material from the burial 
environment, mixed into the bone powder 
collected from the osseous labyrinth that likely 
results in the observed reduction in endog-
enous DNA content. We suggest the future 
implementation of additional steps before 
DNA extraction occurs, potentially resulting 
in downstream improvements in the quantity 
of DNA recovered from these specimens. 

For example, a sieving or ‘pre-digestion’ 
step (21,22) may assist in the removal of soil 
and other environmental material, which may 
improve both quantity and quality of DNA yield 
in future specimens. We demonstrate that the 
CBDM provides another tool for the multi-
disciplinary study of ancient human remains. 
Going forward, combining craniometric and 
genetic studies of complete skulls will bring us 
one step closer to improved multidisciplinary 
reconstructions of the past.
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