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Abstract

Optical coherence tomography (OCT) is an interferometric imaging technique that has revolutionized clinical ophthalmology
since the first half of the 1990’s. Despite this approach being successfully employed in ophthalmology and having great potential
in forensic cases, its use in different forensic fields appears to be quite limited. In this review we reviewed the scientific literature
regarding the application of OCT in forensic science and legal medicine from 1995 to 2019. Our research showed the usefulness
of this approach for the study of coronary injuries, postmortem ocular changes, forensic entomology, and several other applica-
tions of specific forensic interest (the study of blood stains, fingerprints, and hair bulbs for personal identification, as well as the
study of materials found in the crime scene for comparation, or anti-fraud investigation). The creation of specific ‘ad hoc’ devices
and a better knowledge of this type of technology by pathologists will be a fundamental step to continue to develop the use of
OCT forensic fields.

Keywords OCT in forensic science - Optical coherence tomography - Forensic pathology - Forensic imaging - Forensic

entomology - Postmortem ocular changes

Introduction

Optical coherence tomography (OCT) is an interferometric
imaging technique introduced in the mid 1990’s which is cur-
rently routinely used in some clinical specialties such as oph-
thalmology. The main principle characterizing OCT relies on
the ability of an interferometer to measure the light reflected
form a sample of interest to compare it with a reference light,
to measure their overlap, or interference.

Figure 1 shows a simple Michelson interferometer. A semi-
reflective mirror (beam-splitter) is struck by light and divided
in to two beams. The first will hit a known reflective surface

Matteo Nioi and Pietro Emanuele Napoli contributed equally to this work.

>4 Matteo Nioi
nioimatteo @gmail.com

Department of Clinical Sciences and Public Health, Forensic
Medicine Unit, University of Cagliari, Cagliari, Italy

Department of Surgical Science, Eye Clinic, University of Cagliari,
Cagliari, Italy

(acting as a ‘reference’), the other (the ‘signal ray”) will impact
the tissue being investigated (in this case, the ocular struc-
tures). The fixed distances travelled by the beams in the two
arms of the interferometer are called “optical paths”. The ray
reflected by the sample tissue and the one reflected by the
reference surface are combined, generating an inference at
the semi-reflective mirror. Consequently, when the reflected
light exits the interferometer, there will be a signal consisting
of the sum of the light reflected by the relevant substrate and
the one reflected by the reference surface. Thus, an interfer-
ence pattern that can be analyzed is obtained when light from
both arms have travelled a “similar” optical distance. The
intensity of the light emission given by the sum of the two
reflected beams can be gathered and measured by a photode-
tector (spectrometer).

The inference may be constructive or destructive. In
the first scenario (Fig. 2), the reflected beams are coherent
and in phase (maximum and minimum peaks are coales-
cent), and the resultant beam is the sum of the two
reflected beams. In the other case, the resulting beam
width is suppressed, being the maximum and minimum
peaks in opposition.

The development of OCT technology has led to a change
from devices with mobile mirrors (Time Domain TD-OCT) to
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Fig. 1 Diagram of spectral-domain optical coherence tomography
(OCT). The light source produces an infrared ray that is divided by a
semi-reflected mirror. The two beams are directed towards a reference
mirror and the sample being scanned. The two reflective rays are then
combined in an ‘interference pattern’, which is gathered by a detection
unit, i.e. the spectrometer

instruments in which mirrors are fixed (Spectral Domain SD-
OCT, Swept Source-OCT) with significant improvements in
image quality and resolution.

Considering the three spatial axes x, y and z, two other
important OCT features have to be taken into account, namely
axial and transversal resolution. Axial resolution is the OCT
capability of detecting two points (T; T1) of the sample along
the longitudinal direction x. Similarly, for transversal resolu-
tion, the two points (A; A1) are situated in the transverse line
z. (Fig. 3).

Similar to the techniques used in ultrasound, OCT scanning
protocol implies three different modalities — namely, A-scan,
B-scan, and C-scan. A-scan, or one-dimensional plot, is re-
ferred to the signal reflectivity from a single light beam. B-
scans, or two-dimensional scans, are obtained by compiling a
number of A-scans from a line of a predetermined length. In
this modality, OCT images are quite similar to histological
tissue sections, permitting the evaluation of the internal ap-
pearance of several structures and the measurement of their

Fig. 2 Constructive and
destructive interference patterns
in OCT imaging. There are two
extreme results from the sum of
the two returning beams (i.e. the
reference and sample arm). A
constructive pattern occurs when
they are in phase (all positive and
negative peaks are perfectly
matching, 0°). Conversely, a
destructive pattern results when
the two beams are out of phase
(180°)

Constmctive Interference

@ Springer

thickness. C-scans, or three-dimensional scans, are obtained
by compiling B-scans.

Overall, OCT imaging provides several advantages com-
pared with classical histology or autopsy: it allows non-inva-
sive, non-contact, three-dimensional analysis of the tissue be-
ing studied in real-time. Although several scholars forecast
that advanced imaging techniques may replace the ‘classical’
autopsy in the very near future [1-6], assuming that “virtual
histology’ will be the next step along this path, few studies
have focused on the feasibility of OCT application in the fo-
rensic field. [7]

In our review, we identified five different topics of potential
forensic interest, in which OCT may be a useful diagnostic
tool: assessment of the heart and vascularization in the post-
mortem period, forensic ophthalmology in vivo and after
death, clinical forensic medicine, forensic entomology, and
different areas of forensic science (the study of blood stains,
fingerprints, and hair bulbs for personal identification, as well
as the study of materials found in the crime scene for
comparation, or anti-fraud investigation).

Material and methods

We researched four different databases (“PUBMED?”,
“MEDLINE”, “SCHOLAR” and “SCIENCE DIRECT”) for
potential papers from 1995-2019using the following combi-
nations of keywords: “Optical Coherence Tomography” +
Forensic, ‘Optical Coherence Tomography’ + ‘postmortem’,
‘Optical Coherence Tomography + Postmortem + Forensic’,
‘optical coherence tomography + postmortem + ocular’, ‘op-
tical coherence tomography after death’, and optical coher-
ence tomography+ legal medicine’. From a total of 7339 pa-
pers found using these searches, we only selected 57 articles
for our review. Specifically, we excluded studies that were
purely clinical and were without forensic aims, as well as
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Fig. 3 Reconstruction of the 3D space in OCT imaging. In a Cartesian
diagram, the axial resolution represents the OCT capability of detecting
two different points (T; T;) along the x axis. Conversely, the lateral
resolution refers to the OCT ability to disclose two separate points (A;
A) along the z axis. The 3D space is finally constructed by combination
of various xz planes

papers with a small or no chance of having potential applica-
tions in the forensic field.

Heart and coronary

The use of imaging techniques as an alternative approach to
cadaveric studies has become a reality since 2007 due to the
VIRTOPSY project [8]. Despite computed tomography (CT)
and magnetic nuclear resonance (MNR) techniques (mainly
employed for this purpose) demonstrating their diagnostic role
in specific cases (i.e. gunshot wound deaths), there are several
situations where a microscopic evaluation of the tissues is
mandatory to get a medico-legal diagnosis. One of these cases
is when death occurs due to coronary pathology. In 2006,
Kume and colleagues presented the first OCT description of
different types of coronary thrombin. They studied 108 coro-
nary artery segments in 40 human cadavers, showing that the
OCT was not only able to highlight the morphology of the
arterial plaques but also to distinguish the red thrombi from
the white ones [9]. In 2009, Prati and colleagues hypothesized
a clinical application of OCT for the assessment of coronary
arteries and in particular its use for atherosclerosis evaluation
[10]. In recent work, Adlam et al. compared a single case of
post-mortem CT coronary angiography (PMCTA) coupled
with OCT to the gross histopathological examination, con-
cluding that the former technique had potential in the diagno-
sis of cardiac death, being a valid alternative to open autopsy
[11]. Recently, some studies have addressed several technical
aspects, supporting the need of re-pressurization of vessels for
studying the effect of coronary stenosis in vivo and in the
postmortem period [12, 13]. In 2018, Fujii et al. provided a
short description of the correlation between the

histopathological analysis and OCT images in the visualiza-
tion of the atherosclerotic plaques, and of the vascular healing
response after drug-eluting stent implantation. They conclud-
ed that OCT is a promising intracoronary imaging modality
for differentiating tissue characteristics (fibrous, calcified, or
lipid-rich plaque) and identifying thin-cap fibroatheroma
(TCFA) [14].

The results obtained from these various studies strongly
suggest a potential role of OCT in the study of coronary artery
disease and of sudden cardiac death, even in forensic case-
works as a supplementary diagnostic tool [15, 16].

Postmortem ocular findings and clinical
forensic ophthalmology

Ophthalmology is the clinical branch in which the use of OCT
has been mainly described. Indeed, the use of this technique is
a part of routine practice in various ophthalmologic areas for
the study of the retina, the anterior chamber and also the ocular
surface [17-20]. Consequently, OCT has also been shown to
be useful in cases of forensic interest where ophthalmological
diagnosis may be relevant, such as the analysis of retinal signs
in cases of shaken baby syndrome [21, 22].

Although several studies of forensic pathology have fo-
cused on the eye, to date the main area of forensic speculation
has dealt with the variation of post mortal biochemistry of the
vitreous humor, or at most of the aqueous humor [23-28].

Recently, Napoli and colleagues studied the feasibility of
OCT in the detection of postmortem ocular findings, thus
detecting a variety of structural changes of a sheep cornea in
different phases after death [29-31]. The latter are presumably
due to specific and different patho-physiological pathways
[32]. A preliminary study in humans allowed detection of
novel signs for estimating the postmortem interval (Fig. 4),
as the formation of stromal waves in posterior stroma of cor-
neas from the 3rd hour after death (Nioi-Napoli sign).
Additional information was also obtained by the postmortem
examination of the sclera, irido-corneal angle, vitreous humor,
and retina [33, 34].

An OCT analysis of inner ocular structures has been pro-
posed by McNabb and colleagues. They were able to retrieve
data from the post-mortem retinal observation by means of
OCT associated with a periscope. Using the latter, these
scholars were able to analyze the nervous tissues, avoiding
optical interference of the lens [35].

Particular cases of forensic interest and tissue
analysis

The use of OCT for the objectification of vascular and oph-
thalmological lesions of forensic interest (i.e. traffic and work-
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Fig. 4 Morphological appearance of the human cornea after death (Nioi-
Napoli sign). A variable number of morphological changes in corneal
tissues are easily detectable in the postmortem period by OCT. Of note,
the presence of waves in the posterior stroma are indicative of a time since

related injuries) is already a consolidated reality [36—39].
Some authors have proposed the use of OCT in combination
with near-infrared (NIR) vascular imagers in estimating the
age of bruise by assessing the degradation of hemoglobin
[40]. Again, different preliminary studies have tried to char-
acterize human tissues by means of Spectral Domain-OCT
(SD-OCT) alone or in combination with a hyperspectral im-
aging system (HIS) [41].

Entomology

The application of OCT in forensic entomology would be to
analyze arthropods (including insects, arachnids, centipedes,
millipedes) as Calliphora vicina or Chrysomya Rufifacies for
post mortem interval (PMI) estimation. In this way, a
prolonged, morphological and non-destructive larval study
may be achieved [42—46].

Forensic science

Our literature review revealed the presence of OCT-based
studies in several different branches of forensic science.

Choi et al. morphologically analyzed depth-resolved cellu-
lar structures of unmodified fresh human scalp hairs with
ultrahigh-resolution full-field optical coherence tomography
(FF-OCT). The authors supposed that interindividual charac-
teristics could be used in particular cases of personal identifi-
cation (such as the discrimination of twins by examination of
head hairs) [47].

Dubey, Leich, Zhang and Zam applied OCT imaging for
the detection of fingerprints. For them, low-coherence inter-
ferometry, nonmechanical scanning, and compactness were
the main advantages of OCT over conventional fingerprint
detection techniques. Other relevant advantages comprised
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death >3 h (Nioi-Napoli sign). As far as we are aware, no other techniques
are able to study the human cornea in postmortem intervals in situ, non-
invasively, quantitatively, in cross section, and in-depth (histological
resolution)

the non-invasive nature of the OCT and the fact that this tech-
nique does not require any physical or chemical manipulation
of samples [48-51].

Zhang and colleagues studied facial hair follicle distribu-
tion by OCT, thus discovering important interindividual dif-
ferences based on age, gender, and race/ethnicity. They pro-
posed specific patterns of facial hair follicles for each individ-
ual that could be useful for forensic identification [52].

In other studies, cross-sectional HD-OCT images were also
used to verify the authenticity of banknotes [53, 54] or to
characterize vehicle paints [55, 56].

Laan and colleagues used OCT for a tridimensional
volumetric determination of fresh or dried bloodstains in
order to propose a reconstruction of the dynamics of a
criminal event [57].

Discussion

Although OCT imaging has been used with success for sev-
eral decades in the field of ophthalmology, this technique has
encountered meagre employment within the field forensic sci-
ence, both from practical and research points of view.
Nevertheless, characteristics like the lack of physical or chem-
ical sample manipulation, the non-invasiveness, the three-
dimensionality and the microscopic resolution of the images,
are undoubtedly among the most important advantages of this
technique and could further encourage its use in different
fields of study (i.e. postmortem coronary analysis, postmor-
tem and clinical ophthalmology, forensic entomology, indi-
vidual identification, forensic sciences purposes).

One of the areas in which application of the OCT method
has been demonstrated as effective is the postmortem evalua-
tion of coronary arteries. The autoptic study of coronary arter-
ies is of great importance as it has been estimated that coro-
nary heart disease (CHD) is the leading cause of death in
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adults over the age of 35 in the United States [58]. Although
coronary artery disease is generally responsible for clinical
signs requiring a complex medical treatment, sudden death
may be the first manifestation of it, as coronary modifications
are a predisposing factor of arrhythmogenic events [59].
Examination of coronaries using conventional histological
techniques presents several limitations, particularly as tissue
fixation produces alterations of the arteries [60]. These limita-
tions prompted research of alternative tools for the medico-
legal investigation of coronary events. Among these diagnos-
tic approaches, Post-Mortem Computed Tomography
Angiography (PMCTA), alone or in combination with OCT,
has been widely and successfully applied. Such an approach
firstly allows analysis of the tissue without alteration (over-
coming the limits of traditional histology) and secondly the
achievement of a less invasive approach compared to the clas-
sical autopsy techniques, which is also associated with greater
accuracy, precision and reliability. There are two possible con-
cerns in using the OCT approach; its higher costs (related to
acquisition) compared to traditional techniques (e.g. classical
autopsy) and the poor familiarity of pathologists with the new
imaging techniques. These problems could be overcome with
the marketing of ad hoc tools and adequate preparation of
forensic staff.

A more widespread use of OCT techniques may be worth-
while even in investigations in the field of forensic ophthal-
mology, devoted to the study of post-mortem ocular signs or
to the collection of evidence in peculiar clinical ophthalmo-
logical cases. Although the appearance of ocular alterations in
the postmortem period is a well-known phenomenon that has
been widely described in the literature, until now little has
been known about their thanatogenesis and they are rarely
detected in a systematic way for thanatochrono diagnostic
purposes. This is mainly due to the invasiveness of the tradi-
tional methods based on histology not only, involving a dis-
figurement of the body. Failure to carry out an in-depth anal-
ysis of the eye during autopsy led to a lack of knowledge of
the factors influencing the genesis of post mortal ocular alter-
ations but also a thorough knowledge of the ultrastructural
manifestations of the same post mortal phenomena.
Although several studies have examined the utility of OCT
techniques in the postmortem interval to study the enucleated
ocular globes, only recently studies carried out on animal
models and human corneas in situ, without enucleation, have
demonstrated the feasibility of OCT imaging with excellent
results in terms of inter- and intra-individual repeatability.
This, in turn, led to the discovery of new signs that cannot
be highlighted using traditional methods. An in-depth study in
this field can lead not only to a better pathogenic understand-
ing of cadaveric eye signs, but also to the refinement of new
methods, based on pachymetry or on morphological alter-
ations or on their combination, useful for estimating the
post-mortem interval.

OCT surveys in the field of forensic ophthalmology could
prove particularly useful in some selected cases. This ap-
proach may guarantee a better probative relevance to the pres-
ence, or absence, of retinal modifications in cases of shaken
baby syndrome, even in those instances where no other exter-
nal pathological features are present and retinal findings rep-
resent the only sign of abuse. Other fields of application in
ophthalmology in living individuals are constituted by the
evaluation of the traumatic nature of ocular lesions alleged
as a consequence of road accidents or interpersonal violence
as well as in cases of chemical burns due to accidental contact
with acidic or basic substances occurring at workplace. The
knowledge of the main anatomical-clinical ocular alterations
related to toxic substances may be relevant in post-mortem
analysis. A further area of interest could be the application
of OCT in the evaluation of these injuries in postmortem.

Preliminary studies appear to be of great interest for the
OCT characterization of human cadaveric tissues. Similarly
to what already happens in the characterization of tissues for
anatomopathological purposes ex vivo, OCT technology
could play a role in the postmortem study of lesions (i.e.
wounds of which we should establish the time of onset, study
of infant perinatal dura mater and superior sagittal sinus in
victims of abusive head trauma) of medical-legal interest.

Other studies carried out on the living have been finalized
to the dating of the period of creation of the ecchymoses
through the evaluation and degradation of hemoglobin.
Although this application of OCT is based on consolidated
theoretical bases and is related to a research field (dating of
the ecchymoses in the living or differential diagnosis between
ecchymosis and hypostasis in the corpse) the practical appli-
cation of the technique has not found practical confirmation in
clinical forensics nor in pathology yet.

The use of OCT could also be of considerable importance
in the field of forensic entomology as it would bring signifi-
cant advantages whenever compared to traditional techniques.
The first advantage of this association is the possibility to
carry out in vivo measurements. This aspect involves first of
all the possibility of not sacrificing the larvae and, as its by-
product, the ability to prospectively study the same individ-
uals in vivo during their developmental stages. This could
mean that even a limited number of larvae may be sufficient
for an in-depth analysis. The other advantage that could be
gained using OCT lies in the OCT’s own characteristics,
which firstly allow greater precision in measurements and
secondly provide the possibility, through tri-dimensional anal-
ysis, to study the microscopic characteristics of the sample
without destroying it. This would provide new possibilities
regarding the examination of new features that might be po-
tentially useful for determining the age of the insect and con-
sequently the postmortem interval.

While on one hand, the use of OCT still appears to be very
limited in the field of forensic pathology, forensic medicine
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and entomology, it seems to have been quite successful in the
field of forensic sciences.

In this scenario, several studies addressed the determina-
tion of identity. A preliminary study has tried, with good re-
sults, to examine hair follicles by means of OCT in order to
obtain useful information concerning age, sex, and race in
particular cases of forensic interest (for example, explosions
following which only traces of small cutaneous fragments are
available). The results appear encouraging but require further
study, and presently constitute a “‘second choice” with respect
to the use of DNA (to be considered as the gold standard).
Different groups have attempted to apply OCT to the exami-
nation of fingerprints. In these cases the characteristic of OCT
that is most important is the possibility of analyzing a sub-
strate in an extremely precise way in a contactless manner and
without the use of substances or materials that can potentially
alter the test. Even in this case, despite considerable efforts
from the experimental point of view, the production of ad hoc
tools is not at hand but it could constitute an important step
forward for this particular branch of forensic science.

Another field of application is the verification of the au-
thenticity of banknotes. Choi and colleagues, in particular,
using the properties of OCT to provide a three-dimensional
image and microscopic resolution without modifying the sam-
ple, have proposed a method to examine the authenticity of
banknotes based on the features of their hologram. This meth-
od is undoubtedly comparable to those based on ultraviolet
light - spectroscopic or biochemical - but it still requires fur-
ther refinements for use in the practice of forensic science.

A further field of forensic sciences where the application of
OCT technology could be useful is the study of car paints used
for criminal purposes - often vehicles are repainted in an at-
tempt to disguise them. Although several methods can cur-
rently be used for this purpose (near-infrared spectroscopy,
X-ray absorption spectroscopy and micro-spatially offset
Raman spectroscopy), they show poor applicability or resolu-
tion. Recent studies have shown how the application of OCT,
due to the possibility of studying the sample conservatively
and the high resolution and precision of the obtainable data,
may constitute a promising step forward in this type of eval-
uation. According to Wang and colleagues, in fact, in a few
years the implementation of this techniques to portable instru-
ments will permit a rapid in situ examination of the vehicles,
wherever the relevant vehicle is found.

Finally, it is important that an outlook scan be obtained in
the study of blood stains. This technique is indeed an excellent
tool for investigating the crystallization of the sample and its
three-dimensional evaluation. The results could be of extreme
interest if experiments acquiring morphological data were
combined with data concerning hemoglobin degradation, use-
ful for determining the time the blood spot was deposited.

In conclusion, although OCT devices provide valuable
technical features such as the possibility of being used without
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causing alterations of the examined substrate (that can be stud-
ied in a perspective manner) and the capability of obtaining
three-dimensional data with a resolution comparable to histo-
logical ones, this technique is still scarcely employed in the
forensic field. Considering the possible advantages of using
OCT, it appears easily foreseeable that development of exper-
imental studies that can fully exploit all the main characteris-
tics of this technique will lead to considerable progress in
different areas of forensic science.

Key points

1. OCT (optical coherence tomography) is based on an op-
tical measurement technique using low frequency inter-
ferometry. Similar to echotomography, OCT permits the
study of a tissue or a surface through the analysis of data
obtained from the reflection of a laser beam. The advan-
tages given by its application are non-invasiveness (ab-
sence of contact), three-dimensionality and the high reso-
lution of data, which can be interpreted in real time.

2. The technique has been used very successfully in ophthal-
mology: it was introduced in 1991 and is currently widely
used by clinicians. On the contrary, despite indisputable
advantages, it is rarely used in the forensic sciences, both
in practice and in research.

3. The use of OCT in the postmortem period may lead to
important advances in forensic pathology for the study of
cardiac, vascular and ocular tissues.

4. In forensic entomology, the use of OCT may ameliorate
the study of insects in a perspective manner without the
need for their sacrifice.

5. OCT may have important repercussions in forensic sci-
ences since it may be useful for verifying documents,
identifying of traces of paint, studying fingerprints, and
describing the ultrastructural characteristics of blood
stains.
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