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Purpose: To evaluate phase-contrast CT as a noninvasive alternative to histology in the study of ancient soft tissue.
Materials and Methods: The imaging was performed between May 8 and June 13, 2017. A mummified human hand from ancient

Egypt was imaged in a laboratory phase-contrast CT arrangement with propagation-based imaging. The experimental arrangement
for propagation-based imaging included a microfocus x-ray source, a rotation stage for the sample, and an x-ray detector. The mummified hand was imaged in two different modes. First, a CT scan of the whole hand was performed in an overview arrangement.
Then, a detailed scan of the tip of the middle finger was performed. With imaging distances tailored for a large magnification and
to maximize the phase-contrast signal, the estimated resolution in the final images was 6–9 µm.

Results: The overview CT allowed identification of the tendons of the hand, as well as identification of arteries and nerves in the

dehydrated soft tissue. In the detailed phase-contrast setting, virtual histology of the soft tissues of the fingertip could be performed.
Blood vessels in the nail bed and the microanatomy of the bone marrow and hypodermis were imaged, and the layers of the skin
could be distinguished. Round structures in the adipose tissue were identified as the remains of adipocytes.

Conclusion: Laboratory phase-contrast CT enables imaging of the anatomy and microanatomy of mummified soft tissue with sub-10-µm
resolution and may serve as a complement or alternative to the classic invasive histologic methods used in soft-tissue paleopathology.
© RSNA, 2018
Online supplemental material is available for this article.

Duted to a better knowledge of the diseases of ancient
etailed anatomic assessment of mummies has contrib-

times and may improve our understanding of modern
diseases (1–5). X-ray radiography and CT have long been
the methods of choice for nondestructive studies of both
human and animal mummies (6–9). These x-ray methods
are based on absorption contrast. Consequently, the primary paleopathologic focus has been on diseases and trauma affecting hard tissues, such as bone and teeth (10,11),
but also atheroma and parasitic processes through calcified
structures (12,13).
Mummified soft tissues, which are an even richer source
of information, are often difficult to analyze and traces of
diseases may escape detection (1,11,14). Such tissues can
be observed with conventional CT, especially with dualenergy systems, but with low observable resolution due to
the weak absorption contrast (15,16). This limits the
information that can be extracted from such tissues without employing invasive methods, such as histologic analysis,
mass spectrometry, and gas chromatography (14). Because
of their invasive and potentially destructive nature, these
methods are undesirable or unacceptable for the analysis of
many old and fragile specimens.
In our study, we evaluated phase-contrast CT as an
alternative noninvasive method for analyzing mummified

soft tissue. Whereas conventional CT relies on the absorption of x-rays in the sample, phase-contrast CT instead
measures the induced phase shift of the x-rays. X-ray
phase contrast typically provides superior imaging of softtissue details compared with classic absorption contrast,
because the phase shift in such tissues are about three
orders of magnitude larger than absorption at x-ray energies
(17). This leads to better discrimination between tissues as
well as higher observable resolution, provided that a phasesensitive imaging arrangement is used. Several techniques
allow the detection of the phase image—for example, interferometry, analyzer-based imaging, grating-based imaging
(18), and propagation-based imaging (19). For high-spatialresolution laboratory imaging, propagation-based imaging
appears to be the superior method (20), demonstrating
three-dimensional cellular and subcellular resolution bioimaging for a variety of tissues (eg, zebrafish muscles [21],
mouse lungs [22], mouse brain [23], and human coronary
arteries [24]). In vivo imaging of mouse lungs by using propagation-based imaging has recently been reported (25).
The main purpose of our study was to evaluate phasecontrast CT as a noninvasive alternative to classic histology in
the study of ancient soft tissue. We studied a mummified hand
from ancient Egypt in a laboratory phase-contrast CT arrangement by using propagation-based phase-contrast CT.

Soft-Tissue Imaging in a Human Mummy

Summary
Propagation-based phase-contrast CT of a mummified human hand
was performed, revealing remains of adipose cells, blood vessels, and
nerves in ancient tissue.

Materials and Methods
Mummy Sample
Figure 1a shows the detached mummified human hand that
was imaged. The right hand (item inventory identification no.
MM 18037), today in the collection of the Museum of Mediterranean and Near Eastern Antiquities (Stockholm, Sweden),
was brought to Sweden at the end of the 19th century, along
with other mummified body parts and a fragment of mummy
cartonnage (papier-mâché case). The cartonnage belonged to
an Egyptian man and has been dated to around 400 bce. Skin
and fingernails were well preserved, and the hand was wrapped
in linen. The length of the sample was 17.5 cm and the maximum width was approximately 8 cm. The hand was placed
upright in a plastic cylinder and was padded with plastic foam
to avoid movement during imaging.
Propagation-based Phase-Contrast CT
The tomography arrangement is depicted schematically in
Figure 1b and a photograph is shown in Figure E1a (online).
The components are a microfocus x-ray source, a rotation stage
to place the sample on, and an x-ray camera. Detection of the
phase shift is achieved by placing the camera at a larger distance
(R2) from the sample. This allows the x-ray beam to propagate
and interfere, providing a translation of the phase variations
induced by the sample, to intensity variations that can be
imaged by the detector. The detected interference pattern,
which is proportional to the second-order derivative of the
phase, is seen as fringes at the edges of structures in the sample,
given sufficiently spatially coherent illumination. The use of

phase shift as imaging modality gives better contrast in, for
example, soft tissues, which leads to a higher observable resolution compared with absorption imaging.
The distances between source and sample (R1) and between
sample and detector (R2) can be tailored to achieve desired
cone-beam magnification M = (R1 + R2)/R1 and phase contrast,
governed by the effective propagation distance zeff = R1 R2/(R1+ R2).
The propagation distance is ideally chosen according to zeff =
1/(2u2l) for maximum phase contrast at a given spatial frequency (u) and wavelength (l) (26).
The x-ray source (MetalJet D2; Excillum, Stockholm,
Sweden) (27) uses a Ga/In/Sn alloy liquid-metal anode and was
operated at 80 kV. The spectrum is shown in Figure E1b (online). Tomographic imaging was realized by rotating the sample
in small steps between acquisitions with a URS50BCC rotation
stage (Newport, Irvine, Calif ). The hand was imaged in two different arrangements: an overview scan of the whole sample and
a detailed scan of only the tip of the middle finger. The experiments are summarized in the Table and described further below.
Overview CT of Mummified Hand
First, a CT scan of the whole hand was performed. Because
of the relatively large size of the sample, the imaging distances
R1 and R2 were optimized with respect to field of view, not for
maximum phase contrast. The images produced are comparable to those of conventional, absorption-based micro-CT. An
overview of the experiment is given in the Table. A large-area
charge-coupled device detector was used (see Fig E2a [online]
for an illustration of the detector point-spread function). A
total of nine tomographic data sets were acquired, covering
different parts of the hand (see Fig E3 [online] for a map
of the scanning pattern). For each set, 900 projections were
acquired over 180°, with an exposure time of 10 seconds per
projection. The average dose per scan was estimated to a few
hundred milligrays (see Appendix E1 and Figure E4 [online]
for details).

Figure 1: Images show propagation-based phase-contrast CT of mummified hand. (a) Photograph of human hand that was imaged shows
palmar (left) and dorsal (right) views. Hand and parts of fingers are wrapped in linen. Most of skin and all fingernails are well preserved.
(b) Schematic of experimental arrangement shows microfocus x-ray source, sample placed on rotation stage, and x-ray detector. Photograph
of arrangement is shown in Figure E1a (online).
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Phase-Contrast CT of
Summary of the Experimental Arrangements for the Overview and
Fingertip
Phase-Contrast CT Scans of the Mummified Hand
For imaging the tip of the
Parameter
Overview CT
Phase-Contrast CT
middle finger, the requireArea of interest
Whole hand
Fingertip of third finger
ments on field of view were
MetalJet D2*
X-ray source
MetalJet D2*
less stringent. The imaging
Voltage (kV)
80
80
distances could be optiPower (W)
100
70
mized for a large magnificaElectron beam focus (µm)
40 3 10
28 3 7
tion, and for a propagation
Emission spot (µm)
Not measured
8 3 10
distance maximizing phase
Source-to-sample distance (mm)
980
480
contrast of structures with
Sample-to-detector
distance
(mm)
220
920
the size of a few micromMagnification
1.2
2.9
eters. The propagation
Effective
propagation
distance
(mm)
180
315
distance (zeff) of 315 mm
X-Ray FDI-VHR CCD†
Detector
Dual X-Ray FDS Large-Area CCD†
was chosen. For the averScintillator
CsI‡
Gd2O2S:Tb§
age wavelength l = 7.1 3
II
Pixel size (µm)
17.3 (14.1)
9 (3.1)II
10211 m, calculated from
II
Point-spread function (µm)
68 (57)
24 (8)II
the measured source specNo. of pixels
5728 3 2254
4008 3 2671
trum, this propagation
Area (mm)
97 3 38
36 3 24
distance gives a maximum
Exposure time per projection (sec)
10
20
phase contrast for strucNo. of projections
900 over 180°
1500 over 180°
tures around 3.3 µm (half
No. of scans
9
1
period). A smaller camera
Total exposure time per scan (h)
2.5
8.3
with an effective pixel size
Note.—CCD = charge-coupled device.
of 3.1 µm in the object
* Manufactured by Excillum (Stockholm, Sweden).
plane was chosen for this
†
Manufactured by Photonic Science (East Sussex, England).
CT scan (see Table for de‡
Indicates thickness of 100 µm.
tails, and Fig E2b [online]
§
Indicates
thickness of 15 µm.
for an illustration of the deII
Data
are
physical
plane values, with sample plane values in parentheses.
tector point-spread function). The exposure time
per projection was 20 seconds and 1500 projections were acThermo Fisher Scientific, Waltham, Mass), respectively. A volquired over 180°. The average dose was estimated to a few grays.
ume rendering was performed with cubic interpolation on an
The resolution in the phase-contrast images of the fingertip was
image stack binned 6 3 6 3 6 pixels.
estimated to 6–9 µm (half period). Details about the resolution
measurement are given in Appendix E1 (online).
Image Analysis and Data Availability
Identification of anatomic features in the reconstructed images
Image Preprocessing and Tomographic
of the mummified hand were performed by M.R. (resident
Reconstruction
physician in orthopedics with 4 years of experience) and
All projections were flat-field corrected to account for inhomoJ.R. (graduate student with 2 years of experience in tomogeneous x-ray illumination and detector imperfections. For the
graphic imaging). M.R. and S.I. (professor in Egyptology with
overview CT scan of the entire hand, projection images of the
more than 20 years of experience) estimated the age at death of
middle (widest) part were stitched together pairwise to conthe mummified person.
struct projections covering the whole width of the sample. The
Original data are available from the authors upon request.
projections were phase retrieved with the method described by
Results
Paganin et al (28), with parameters suitable for retrieving the
bone-air interface. The choice of parameters was performed
Overview CT of Mummified Hand
with visual inspection; some remaining phase contrast can be
Figure 2 shows a reconstruction from the overview CT of the
seen around the soft-tissue edges, but this was preferred over
hand, comparable to conventional absorption-based micro-CT.
a more aggressive phase retrieval that would result in blurring
In Figure 2a, the bones are depicted in a volume rendering. The
of denser structures, especially the bone. The tomographic
distal epiphyses in metacarpals II–V are unfused, as are the proxireconstruction was performed by using Octopus Reconstrucmal epiphysis of metacarpal I and the proximal epiphyses of
tion (version 8.9.3; XRE NV, Gent, Belgium). The computer
all phalanges. Sesamoid bones are visible at metacarpals I and
platform used for reconstructions is described in Appendix E1
V. The metacarpal and phalangeal bone development and the
(online). Visualization in virtual sections and volume renderings
presence of sesamoid bones suggest that the person, presumwere performed in ImageJ (version 1.51k; National Institutes
ably a male, was between age 13 and 17 years at his death (29).
of Health, Bethesda, Md) and Amira Software (version 6.3.0;
Radiology: Volume nn: Number n—n 2018 n radiology.rsna.org
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In Figure 2b, an axial section through the
metacarpals, as indicated
by the lowest solid line
in the volume rendering
of Figure 2a, is shown.
At least eight layers of
linen can be seen (A),
followed by skin (B). In
addition to metacarpals
I–V, we identify extensor tendons (C–E) and
flexor tendons (F–H),
deep to the distal portion of the carpal ligament (J). Along with
the flexor tendons, we
find the median nerve
(K) that branches out
distally. Superficial to
the carpal ligament, another structure of interest is found (L). Based
on its location and
branching toward the
fourth and fifth finger,
this structure may be
the ulnar nerve, possibly
Figure 2: Images show CT of mummified hand. (a) Palmar view of volume rendering depicts bones. Physes
together with the superare visible at bases of all phalanges and at distal ends of metacarpals II–V. Sesamoid bones are seen at metaficial branch of the ulnar
carpals I and V. Solid lines mark positions of two virtual sections shown to the right. Black arrows indicate viewartery. Finally, we idening direction. Dotted line at tip of middle finger marks location of high-spatial-resolution scan discussed next. (b)
tify what is probably
Axial view of hand. Metacarpals I–V are marked. Arrows indicate linen (A), skin (B), tendons of extensor digitothe deep branch of the
rum communis (C), tendons of extensor digiti minimi (D), tendons of extensor pollicis longus (E), tendons of flexor
pollicis longus (F), tendons of flexor digitorum profundus (G), tendons of flexor digitorum superficialis (H), distal
ulnar artery (M), archportion of carpal ligament (J), median nerve (K), ulnar nerve and/or superficial branch of ulnar artery (L), and
ing across the palm deep
possibly deep branch of ulnar artery (M). Scale bar represents 5 mm. (c) Axial section through proximal phato the flexor tendons.
langes of third and fourth fingers. Arrows indicate linen (A), skin (B), tendons of extensor digitorum (C), tendons
Several of the identifiof flexor digitorum superficialis (D), tendons of flexor digitorum profundus (E), proper palmar digital arteries (F),
cations rely on the full
proper palmar digital nerves of median nerve (G) and of ulnar nerve (H), and residues from embalming process
(I). Scale bar represents 3 mm.
three-dimensional data
stack, which is shown in
Movie 1 (online).
In Figure 2c, an axial section is shown through the proximal
With this phase-contrast imaging method, low-contrast feaphalanges of the third and fourth fingers, as indicated by the uptures not observed in the overview CT (described previously)
per solid line in Figure 2a. Again, we observe linen (A), skin (B),
can be imaged. For example, in the nail bed, we find regions of
extensor tendons (C), and superficial and deep flexor tendons
rounded structures that are identified as groups of vessels and/
(D, E). In the soft tissue, digital arteries (F) and digital nerves (G,
or nerves (F). We identify the layers of the skin: epidermis (G),
H) can be seen. The high-density structure between the skin and
which is loose or missing in some parts, and dermis (H). The
wrapping is embalming material (I), possibly resin.
hypodermis (I), which in its natural state mainly consists of
adipose tissue, lies deeper, and closest to the bone we find the
Phase-Contrast CT of Fingertip
periosteum (J).
Figure 3a depicts an axial view of the distal phalange of the
Three soft-tissue regions are marked by lines in Figure 3a and
middle finger, at the location indicated by the dotted line in
are discussed next. The solid line on the side of the bone crosses a
Figure 2a. The bone (A) with trabeculae (B) is seen in white.
group of vessels and possibly nerves. At the dashed line, through
The dry soft tissues surrounding the bone in general are well
the hypodermis, we find round cavities that are 15–25 µm in
preserved but shrunken due to their state of dehydration. The
diameter, shown enlarged in Figure 3b. In Figure 3c, the innail (D) has detached from the nail bed (C), probably during
tensity profile across the cavities is shown. Inside the bone,
the desiccation process.
at the dotted line, there is mainly air, but also traces of bone
4
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Figure 3: Images show fingertip of mummified hand. (a) Axial section through distal phalange of middle finger. Arrows indicate bone (A) with trabeculae (B), nail bed (C), nail (D), bone marrow (E), vessels and/or nerves (F), epidermis
(G), dermis (H), hypodermis (I), and periosteum (J). Sections at the three lines are shown in Figure 4. Scale bar represents 1 mm. See also Movie 2 (online) for complete set of high-spatial-resolution axial sections of fingertip. (b) Detailed
view of hypodermis. Scale bar represents 50 µm. (c) Line profile shows intensity along dashed red line in b.

marrow (E). The soft tissues at these three sections are analyzed in detail next.
Soft-Tissue Analysis
In Figure 4, the microanatomy of the fingertip is shown in three
virtual sections. Figure 4a shows a section at the solid line from
Figure 3a. Here, one of the larger cavities (∗) extends distally,
indicating that this hollow structure is a vessel. Neighboring
structures extend in similar ways, some hollow (black arrows)
and some filled (white arrows). Their spatial arrangement can
be clearly seen when browsing through the three-dimensional
volume (see Movies 2–4 [online]). These structures are identified as either nerves or blood vessels, some possibly with dried
blood still inside.
Figure 4b shows a section through the hypodermis (dashed
line in Fig 3a). In the smooth gray region, some air cavities are
found (black arrow) as well as denser structures (arrowheads).
The exact nature of these is unclear without further analysis. The
adipose tissue within the rectangle is shown enlarged in the inset.
The small, rounded structures that were observed in Figure 3
appear rounded in this section as well, suggesting that they have
an approximately spherical shape. The sizes of the structures are
15–25 µm and their shapes are largely homogeneous. Judging
from shape, size and location, these cavities are identified as the
remains of adipocytes after dehydration. The streaks between the
groups of adipose cells are connective tissue septa (arrows), separating the lobules of adipose tissue.
Figure 4c depicts the bone marrow (dotted line in Fig 3a),
which shows similar round structures as the hypodermis. The
marked region is shown enlarged in the inset. Here, the cavities
enclosed in the tissue are slightly larger (20–40 µm in diameter)
Radiology: Volume nn: Number n—n 2018 n radiology.rsna.org

and more sparsely distributed. The substances within the bone
have agglomerated in different ways; where the cavities were
found, the edges are well defined and smooth (white arrow),
whereas the mass seen in the lower right part of the figure has
a less structured boundary (black arrow). The latter substance is
most likely a residue from the mummification process.

Discussion
Mummified remains are a rich source of information about
human history, giving insights into lifestyles, death, and diseases of ancient times. Presently, studies of mummified soft
tissue are typically performed with classic histologic methods,
requiring extraction of material from the sample. Conventional noninvasive imaging methods, such as absorption-based
micro-CT, have potential for imaging details down to 10 µm
in hard tissue, but the absorption modality does not provide
sufficient contrast in soft tissue for observation at high spatial
frequencies. MRI and terahertz imaging have recently been
proposed for mummies (30,31), but both show much inferior
resolution (around 1 mm) and little advantage in soft-tissue
contrast for the dry mummified materials. In our study, we investigated propagation-based phase-contrast CT as an alternative to the invasive methods used for examination of mummified soft tissue today. We demonstrate that phase-contrast
CT allows nondestructive imaging of the soft-tissue anatomy
and microanatomy in mummies, with sub-10 µm resolution,
which enables identification of certain cellular-sized features.
The improved image detail described in this article enables
nondestructive virtual histology of mummies and has potential
importance for paleopathology and related archaeologic studies. In this context, no pathologic features were observed in the
5
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Figure 4: Images show soft-tissue microanatomy
of fingertip with sections at solid, dashed, and dotted lines, respectively, from Figure 3a. (a) Image
shows vessels and possibly nerves. (*) indicates
hollow vessel. Black arrows indicate neighboring
hollow structurers, and white arrows show structures
of similar shapes, but filled. (b) Image shows hypodermis. Black arrow indicates air pocket. Arrowheads indicate dense, so far unidentified structures.
Inset shows enlarged view of adipose tissue, where
remains of cellular structures can be seen. Arrows
mark connective tissue septa. (c) Images depict two
types of materials: dehydrated bone marrow (white
arrow) and one agglomeration, possibly residue
from mummification process (black arrow). Cavities
in bone marrow are shown in inset. Scale bars in
main figures represent 200 µm and solid, dashed,
and dotted lines mark position of axial section in
Figure 3a. In insets, scale bars represent 50 µm.

mummified hand investigated in this article, which is consistent
with the young age of the person. In fact, the correspondence between the anatomy and microanatomy determined by the phasecontrast tomography in the mummified tissue and the healthy
anatomy and histology as seen in modern textbooks (32,33) is
excellent, allowing assignment and identification of tendons,
nerves, blood vessels, adipose cells, connective tissue, and different skin layers. The correspondence in soft-tissue details should
enable straightforward identification of pathologic features in
other samples. Furthermore, phase-contrast CT produces a
high-spatial-resolution three-dimensional volume that simplifies and improves the discovery of and differentiation between
pathologic and healthy tissue. This gives us the option of searching through the reconstructed images in arbitrary sections or
rendered as a complete volume. With current two-dimensional
methods for extractive histology, we are limited to viewing the
material sectioned in one direction, risking missed features and
misinterpreted three-dimensional structures. Finally, the detailed
three-dimensional volume map may prove valuable as a positional guide for extraction of samples for biochemical or genetic
analysis.
The present mummy phase-contrast CT system is compact,
based on a laboratory x-ray source. In principle, synchrotron
sources have the brightness to allow similar phase-contrast measurements, as demonstrated on items such as papyrus rolls (34)
and amber-embedded insects (35). However, the laboratory format has several advantages in mummy studies. The local nature
6

of the imaging arrangement makes transportation of invaluable
and fragile specimens less of an issue. Furthermore, unlimited
access to the system provides the possibility to optimize imaging parameters for maximum contrast and resolution. Given the
exquisite resolution, which is now limited by x-ray equipment,
it appears feasible to detect even smaller soft-tissue structures.
Investigations with a laboratory nanofocus x-ray source (36)
provide a path for continued studies. Developments of x-ray
sources and detectors enable hierarchal x-ray imaging of mummies, with resolutions ranging from millimeters in conventional
CT, to micrometers or less in a micro-CT or nano-CT phasecontrast arrangement. This further reduces the need for classic,
invasive techniques for analyzing ancient specimens and allows
subsequent imaging at different resolutions with the noninvasive
modality of choice.
Our study had some limitations. First, for high-spatial-resolution phase-contrast imaging, the field of view was limited.
Resolving the interference fringes caused by the phase shift requires an x-ray detector with high spatial resolution, and this
often comes at the expense of detection area. Second, phasecontrast imaging requires a microfocus x-ray source to give
x-ray illumination with sufficient spatial coherence to show interference. Such sources typically have a low flux because of the
small emission spot, and the exposure times using other microCT systems than the one described in our study may therefore
be much longer. Such long exposure times, in combination with
limited field of view and radiation dose, are the main obstacles in
radiology.rsna.org n Radiology: Volume nn: Number n—n 2018
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adaptation to live human imaging at this resolution. Finally,
the mummified hand imaged in our study showed only healthy
tissue. Mummified samples with known pathologies should
also be imaged in a high-spatial-resolution phase-contrast CT
arrangement to thoroughly evaluate the paleopathologic impact
these results might have.
In conclusion, our study shows that laboratory phase-contrast
CT enables imaging of the anatomy and microanatomy of
mummies with excellent spatial resolution, allowing detection
of certain cellular-sized details in the soft tissues of the hand.
This opens up the possibility for virtual histology of ancient soft
tissue, further reducing the need for classic invasive techniques
in the field of paleopathology.
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