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Abstract
Objectives  Conventional autopsies remain the gold standard of postmortem healthcare quality assurance and help gathering 
extended knowledge on diseases. In answer to constantly declining autopsy rates non- or minimally invasive autopsy methods 
were introduced. Ultrasound is a well-established tool for imaging commonly used in clinical practice. This narrative review 
aims to summarize the current literature regarding the feasibility and validity of ultrasound in a forensic context.
Material and methods  A PubMed database search was carried out. Abstracts were scanned for pre-defined ex- and inclusion 
criteria, followed by a snowball search procedure applied to the primarily included articles.
Results  Forty-five publications met our inclusion criteria. The selected articles concern the feasibility of ultrasound in pre- or 
postmortem settings, forensic age estimation, and minimally invasive approaches. For imaging, ultrasound was deemed a reli-
able tool for the examination of epiphyses und superficial wounds, with limitations regarding internal organs and image qual-
ity due to postmortem changes. Ultrasound-guided minimally invasive approaches yielded higher success rates for adequate 
tissue sampling. Many investigations were carried out in low- and middle-income countries focusing on infectious diseases.
Conclusion  Ultrasound seems a promising but underutilized imaging tool in legal medicine to date. Promising approaches 
on its feasibility have been conducted. Especially for minimally invasive methods, ultrasound offered significant improve-
ments on qualified biopsy sampling and thus appropriate diagnostics. Moreover, ultrasonic evaluation of epiphyses for age 
estimation offered valuable results. Nevertheless, further assessment of ultrasonic feasibility in forensic contexts is needed.

Keywords  Minimally invasive autopsy · Postmortem imaging · Study review · Ultrasound

Introduction

Ultrasound is a commonly used tool in clinical settings world-
wide. Despite its striking clinical benefits, broad availability, 
and ease of use, ultrasound is to date only sparely used in 
a postmortem setting. Postmortem ultrasound (pmUS) pro-
vides the opportunity to detect a broad range of pathologies 
such as pericardial tamponade, metastasis, or free abdomi-
nal fluid. These findings aid forensic pathologists assessing 
potentially lethal diagnoses even prior to autopsy or offering 
valuable information to initiate further investigations on the 
body [1–6]. Nevertheless, over the last decades, only a hand-
ful of studies were published using or focusing on ultrasound 
as a tool to complement forensic investigation. In times of 
digital medicine offering the possibility to use highly resolv-
ing devices to examine corpses and tissues such as computed 
tomography (CT) or magnetic resonance imaging (MRI), less 
sophisticated imaging tools appear to diminish. Regarding the 

 *	 Dustin Möbius 
	 dustin.moebius@uke.de

 *	 Benjamin Ondruschka 
	 b.ondruschka@uke.de

1	 Institute of Legal Medicine, University Medical Center 
Hamburg-Eppendorf, Hamburg, Germany

2	 Institute of Macroscopic and Clinical Anatomy, University 
of Graz, Graz, Austria

3	 Department of Orthopedic and Trauma Surgery, University 
of Leipzig, Leipzig, Germany

4	 Fraunhofer IWU, Dresden, Germany
5	 Department of Anatomy, University of Otago, Dunedin, 

New Zealand

/ Published online: 22 July 2021

International Journal of Legal Medicine (2021) 135:2363–2383

http://orcid.org/0000-0003-4877-4403
http://crossmark.crossref.org/dialog/?doi=10.1007/s00414-021-02661-5&domain=pdf


1 3

latter, it comes without saying that only a small fraction of the 
world’s population is equipped with costly devices compared 
to low- and middle-income-countries (LMICs) [7, 8]. These 
significant differences in resource availability emphasize the 
need for affordable diagnostic tools. In the past years, non-
invasive or minimally invasive autopsy techniques (MIA) were 
on the rise both in high-income countries (HICs) as well as in 
LMICs for different reasons [9].

First, decreasing autopsy rates are reported worldwide, 
though discrepancy continues to persist between clinical and 
autopsy diagnoses [10–12]. Common reasons for this trend are 
religious implications, reluctance of legal guardians to agree 
to an autopsy due to the inevitable mutilation of the body as a 
consequence of the necropsy, or simply due to limited ambi-
tions of the clinician. Non- or minimally invasive autopsies 
could potentially gain higher acceptance still providing the 
needed postmortem data [13].

Secondly, in LMICs where medical structures fail permit-
ting routine postmortem investigations, or people’s acceptance 
to conventional autopsy (CA) is low, less invasive methods 
offer the possibility to reduce the uncertainty about specific 
causes of death, thereby improving public healthcare systems 
[14–17].

Also, in those cases with highly contagious diseases, the 
protection of medical personnel is essential. In consequence, 
less-invasive procedures minimizing risk to self-injury seem 
attractive. Especially, in times of global pandemics such as the 
current COVID-19 pandemic, when there is an urgent demand 
to understand emerging pathologies, diagnostic postmortem 
methods have to be safe and widely available. Apart from 
postmortem diagnostics, ultrasound plays an increasing role 
in examining children and adolescents in forensic age estima-
tion aiming to reduce the application of radiation and to ease 
up the investigation procedure [18, 19]. Although advantages 
of using ultrasound were documented in several publications 
within the last years, to the best of our knowledge, no summary 
of its forensic applications and diagnostic benefits is currently 
available.
Therefore, the following aims were defined for this review:

•	 to provide a compilation and assessment of studies using 
ultrasound in the field of legal medicine

•	 to discuss potential advantages and disadvantages of the 
method

•	 to point out potential applications for future research

Material and methods

Database search and article selection

A PubMed database search was conducted in April 2020 
and then repeated in January 2021 including all relevant 

results published until December 2020 inclusive. There 
were no limitations set on the year of publication. A com-
bination of the following key words and related terms 
was used for the search: “ultrasound,” “sonography,” 
“legal medicine,” and “minimally invasive autopsy.” 
The following inclusion criteria for publications were 
applied:

•	 ultrasonic investigations of subjects alive or deceased to 
describe or detect pathological changes

•	 age estimation by evaluating bones and their epiphyseal 
fusions by means of ultrasound

•	 tissue sampling in minimally invasive autopsies sup-
ported by ultrasound

•	 case reports in forensic cases where ultrasound offered 
essential information

Only texts in English or German were selected. Let-
ters or commentaries were excluded. Studies on peri-
natal and neonatal deaths (babies were born alive but 
died before 28 days of age), animals, or investigations 
focusing on reconstruction aspects, e.g., facial tissue 
measuring using ultrasonic waves, were excluded as 
well. The results gained by the database research were 
reviewed manually by one investigator (DM). Duplicates 
were removed, and titles and abstracts were scanned for 
ex- and inclusion criteria. Meeting the latter, a review of 
the full publication was performed, thus creating a start 
set of publications. Following this, a review of refer-
ences was conducted applying a snowballing procedure 
[20] until no more new references could be detected (see 
PRISMA workflow in Fig. 1).

Results

A total of 45 publications were found and subsequently 
included in this review (Fig. 1). The year of publica-
tion ranged from 1986 to 2020. Thirteen articles refer 
to the use of ultrasound in alive patients regarding 
examination of injuries, or refer to pmUS applicability 
(Table 1). Eighteen articles were retrieved, focusing on 
minimally invasive autopsies and its partly support by 
the use of ultrasound (Table 2). In this group, there 
were six publications in which the use of ultrasound is 
not described explicitly [33–37, 39]. All these authors 
refer methodically to Castillo et al. who described the 
use of ultrasound for organ detection prior to puncture 
and did not mention other imaging methods instead 
of pmUS [38]. For this reason, the studies mentioned 
above were also included. Fourteen articles were found, 
in which ultrasound was used for forensic age estima-
tion (Table 3).
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Experiences of forensic ultrasound

Five articles, published between 1995 and 2016, describe the 
examination of wounded individuals by means of ultrasound. 
Mimasaka et al. and Helm et al. used ultrasound to depict 
and measure subcutaneous hemorrhages showing additional 
values for visualization of depth and thickness of the bruises 
beyond the macroscopic aspects [22, 24]. As a case report 
concerning child abuse, Seifert and Püschel could detect a 
subgaleal hematoma sonographically in a child presenting 
a palpable doughy swelling of the forehead which has not 
been detected by x-ray [26]. In the case reports presented 
by Cotton et al. and Gniadecka et al., ultrasound was used 
to examine patients’ injuries. In one patient who underwent 
pericardiocentesis following a penetrating chest trauma, a 
verified traumatic ventricular septal defect could be proofed 

to be caused by the primary penetration and not iatrogenic 
by reconstructing the entry canals [27]. In one case of a 
male applying for refugee status, ultrasonic examination 
of a scar remaining after sharp violence following torture 
which appeared superficially ultrasound could show a deeper 
expansion of the scar, thereby providing proof credibility of 
the statement [28].

Further to this, in a few studies published between 1986 and 
2020, ultrasound was used to investigate postmortem tissue. 
Webb et al. examined undissected cadaveric muscles, meas-
uring the velocity of ultrasound waves corrected to a steady 
temperature and were able to calculate the postmortem inter-
val (PMI) with an error range of 5.5% within the known PMI 
[2]. However, this method failed implementation in a daily 
forensic routine and was discontinued being deployed for this 
purpose as can be derived from existing literature. Similarly, 

Total publications
identified in PubMed using pre-defined 

search terms

1521

Excluded based on abstracts

1446

Potentially relevant articles

75

Excluded according to 
exclusion criteria

43

First article selection 
for manual review

32

Manual review of references

+ 13

Final article
selection

45

Fig. 1   PRISMA flowchart of article selection
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Ichioka et al. determined the bone mineral density of the right 
calcaneus of deceased to calculate the PMI, but could not find 
a correlation between these values [21]. To the best of our 
knowledge, these were the only past investigations applying 
ultrasound for time since death determination.

Quan et al. determined ultrasound density of exenterated 
lungs showing no correlation to PMI, and high-density val-
ues in lungs weighing over 1400 g, when measured com-
bined. A contribution of pulmonary edema and ultrasound 
density was suspected [1]. Another examination was per-
formed by Bhutani et al., who placed pancreata in a vessel 
filled with fluid medium and examined them by means of 
endoscopic ultrasound (EUS). Sono-morphological features 
were determined followed by histopathological evaluation 
showing positive correlation between both diagnostic meth-
ods [25]. Five articles, published between 2003 and 2013, 
examined complete cadavers by means of ultrasound partly 
followed by dissection [3–6, 23]. Summarized, Uchigasaki 
et al. investigated 712 cadavers including cases of natural 
and non-natural deaths. On one hand, they focused on the 
feasibility to depict local fluids like urine or pericardial effu-
sions/tamponades and other pathologies. On the other hand, 
they partly compared their results to CA, which was the first 
reported approach combining diagnostic sensitivity and 
specificity of pmUS and CA. In 2003, they examined 158 
cadavers, and in about 25% of cases, pathological relevant 
findings could be detected sonographically [3]. In 2006, a 
total of 534 corpses were investigated focusing on the peri-
cardium. Confirmed by CA, eleven of thirteen cases with 
pericardial tamponade (blood volume in the pericardium 
ranging from 235 to 600 ml) could be detected correctly by 
means of ultrasound. The definite bleeding source remained 
undetectable by pmUS [5]. Furthermore, a negative influ-
ence of progressive decomposition and associated gas for-
mation on quality of images was described [6]. The latest 
article in this term, published by Charlier et al., focused on 
the same correlation between pmUS und CA. Thirty-eight 
cadavers were investigated including cases of natural and 
non-natural deaths. In 21 cases, no pathologies at all could 
be depicted by ultrasound. In the remaining cases, only non-
lethal changes were detected, which were partly confirmed 
by CA [23].

Conclusion: Only a small amount of studies could be 
found, using ultrasound in a postmortem setting or to exam-
ine superficial lesions. Relevant pathological changes can 
be depicted. Two studies correlated the ultrasonic results 
with CA.

Minimally invasive autopsy (MIA) supported 
by ultrasound

A total of 18 MIA publications including the use of ultra-
sound were published between 1998 and 2020 (Table 2). In Ta
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eleven studies, the results of MIA and subsequent CA were 
correlated. One study could be found using EUS. In another 
study, CT and MRI were performed prior to ultrasound-
guided biopsies.

Beginning in 1998, Fariña et al. published the first report 
on combined ultrasound examination, ultrasound-guided 
biopsies, and CA. Followed by an investigation with the 
same setting in 2002, they report a concordance rate between 
MIA results and CA diagnoses of 92% and 83%, respectively 
[45, 46]. It remains unclear if in these mentioned publica-
tions cases were reported twice or if two totally different 
cohorts were investigated and described. Limitations are 
given on cardiovascular diseases and tracheobronchial dis-
eases because alterations like lesions of the cardiac valves 
or thromboembolism of the pulmonary arteries as well as 
endoluminal-growing bronchial carcinomas are difficult to 
depict and to reach for biopsy sampling when investigating 
from the body surface. A similar approach was performed by 
the group of Weustink et al. who additionally used CT and 
MRI followed by ultrasound-guided biopsies to complete 
the diagnostic statement [44]. Combining these methods, 
an overall concordance of 77% was reached comparing MIA 
and CA. Success rates for ultrasound-guided tissue collec-
tion were high. As well as in the two aforementioned stud-
ies, the detection of cardiac diseases as a cause of death 
failed. One study could be found performing endoluminal 
investigations, intraabdominal exploration via a transgastric 
access, and endoscopic ultrasound (EUS) followed by CA 
[42]. Eight cases were studied here via EUS, which revealed 
new pathological findings unknown to the clinicians in three 
cases (e.g., lymph node and liver metastases). Moreover, in 
one case, a fine-needle core biopsy of the pancreas could be 
gained. A systematic comparison of the results with CA has 
not been performed.

Most of the studies published using ultrasound for tissue 
sampling were performed suspecting infectious diseases. 
The group of Cox et al. investigated a cohort of HIV-infected 
adults by means of MIA and CA [40, 41]. Their first practice 
study was conducted to compare the success rates of blind 
needle biopsies vs. ultrasound-guided needle biopsies. They 
showed that the use of ultrasound significantly increased the 
success rate for the proper sampling of heart and left kidney. 
Moreover, ultrasound guidance led to fewer unsuccessful 
biopsies and could reduce unnecessary efforts. Compared to 
CA, a complete concordance of 52% could be found for all 
major diagnoses (infections, malignancies, non-communi-
cable diseases). Interestingly, especially for the detection of 
tuberculosis, a concordance rate of 79% between MIA and 
CA was described due to the microbiological and histologi-
cal investigations of the gained tissues. Yet, no significant 
increase of concordance rates between blind needle biop-
sies and ultrasound-guided biopsies could be detected [40]. 
Another study investigating HIV-positive patients showed Le
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high success rates for tissues sampled with high histological 
and microbiological quality using ultrasound guidance [43]. 
Infectious diseases were the most common cause of death 
with Mycobacteria as the leading pathogen.

Beginning in 2013, an ongoing research project called 
CaDMIA (validation of the minimally invasive autopsy tool 
for cause of death investigation in developing countries; 
Maputo, Mozambique; Manaus, Amazonas, Brazil) was 
established [14]. In this project, an interdisciplinary group 
of pathologists, microbiologists, epidemiologists, and cli-
nicians focused on the feasibility and validity of MIA in 
LMICs compared to CA throughout all age groups [33–39]. 
Although tissue sampling was not performed by ultrasound 
guidance, a preliminary ultrasonic investigation of the bod-
ies was carried out.

In the given studies, a cause of death determination suc-
ceeded in 83 to 100% of cases by MIA (n = 537 in total). 
Compared to CA, concordance rates of 68 to 90% were 
reached. Infectious diseases were the leading causes of 
death. Similar to the studies above, cardiovascular and tra-
cheobronchial diseases were difficult to observe. The group 
of Hurtado et al. additionally investigated the influence of 
the PMI (< 24 h vs. > 24 h). For these time intervals, no dif-
ferences in relevant diagnoses could be detected. However, 
his study group has not been investigating the influence of 
a longer PMI and diagnostic accuracy of findings beyond 
65 h postmortem. Microbiologically, increasing PMI led to 
increasing rates of detectable bacteria leading to a potential 
overestimation of clinical significance of such findings [34].

Another application of MIA using pmUS was shown by 
the group of Duarte-Neto et al., who investigated deceased 
during the yellow fever epidemic in Brazil in 2018. They 
showed high success rates of biopsies for the defined organs 
(liver, lungs, kidneys, spleen, heart). Histological and viro-
logical investigation showed a lethal hepatic failure caused 
by the virus in 17 of 20 cases. In three cases in which yellow 
fever could not be confirmed, the cause of death could also 
be detected as a result of tissue sampling (intraabdominal 
infection with purulent ascites, pneumonia and pyelonephri-
tis, acute myeloid leukemia). Thus, when compared to CA, 
a concordance rate of 100% between both methods could be 
shown determining the cause of death [32].

The latest MIA studies supported by ultrasound were car-
ried out during the ongoing COVID-19 pandemic. Respect-
ing enhanced safety measures, a cohort of ten COVID-19 
deceased was examined by the group of Duarte-Neto et al. as 
well. Representative tissue samples could be acquired reli-
ably with ultrasound guidance for further histological and 
virological investigation to detect viral RNA [31]. A similar 
approach was carried out by Brook et al. Except for the kid-
neys, adequate tissue samples for histological and virological 
processing could be acquired [30]. One recent study focused 
on core biopsies of the lungs which could have been taken 

effectively [29]. A considerably larger cohort (n = 30) was 
investigated compared to the two aforementioned studies 
within a remarkable short PMI (< 2 h). Tissue of high qual-
ity was gained showing patterns of diffuse alveolar damage 
in nearly all cases.

Conclusion: High concordance rates between MIA and 
CA could be confirmed in several studies. In most of the 
studies, ultrasound is used for tissue sampling, rather than 
imaging-based diagnostics. Many studies were carried out 
in LMIC, confirming infectious causes of death.

Age estimation using sonography of different bones 
and their epiphyses

In the time frame from 2008 to 2020, 14 articles were pub-
lished regarding the ultrasonic description of epiphyseal 
growth plates of different bones and their correlation to an 
individual’s age (Table 3) using the minimum age principle. 
Except for two, all studies refer to four ossification stages 
of epiphyseal growth plates according to Webb and Suchey 
(stage 1: no union without separate epiphysis; stage 2: no 
union with separate epiphysis; stage 3: partial union; stage 
4: complete union) [60]. One group investigated the clavi-
cles in cadavers [53]; all other studies were performed in 
living subjects. In only two studies, results were compared 
with data gained by CT or MRI [47, 53]. In six studies, 
the medial clavicle epiphysis was examined which is the 
preferred region for age estimation as recommended by the 
German study group on forensic age diagnostics (AGFAD) 
[61, 62]. The highest number of individuals was examined 
by Schulz et al. including 616 subjects [56]. They proposed 
that the occurrence of stage four is associated with an indi-
vidual that has reached at least 18 years of age meaning full 
age in Germany. In another study, stage four only occurred 
in even older individuals with at least 22.9 and 22.5 years for 
males and females, respectively [19]. Similarly, Quirmbach 
et al. found stage four in male subjects over 21 years in at 
least 60% of cases but they also describe six false-positive 
cases in which stage four was found in younger individuals 
[59]. Contrary, the group of Gonsior et al. examined 410 
individuals and detected stage four on at least one side even 
in a considerable number younger than 18 years (92/264) 
[49]. The same group conducted a study including CT and 
macroscopic examination of cadaveric bones and described 
an overestimation using sonography in seven of ten cases 
and propose CT as the remaining gold standard [53]. A 
similar rating is made by Benito et al. due to an overlap-
ping of stages between age groups [48]. According to the 
investigation of the medial clavicle epiphysis, the group of 
Schulz et al. and Schmidt et al. examined also the distal 
fibular epiphysis, the olecranon, the iliac crest, the distal 
radius, and the trochanter major of the femur, respectively 
[51, 52, 54, 55, 57, 58]. Regarding the iliac crest, stage four 
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was detected in females with at least 17.1 years and males 
with at least 18.0 years. In all other regions, full ossification 
is reached earlier also compared to the medial clavicle epi-
physis, e.g., 13.5 years (females) and 14.5 years (males) for 
the trochanter major of the femur. Sánchez et al. examined 
the proximal humeral epiphysis and determined six stages of 
development [50]. A full fusion is related to an age of at least 
17 years in both sexes. In a study very recently published 
by Herrmann et al., a three-stage grading system compar-
ing ultrasound and MRI-determined evaluation of epiphy-
seal closure of the knee joint was used. They were able to 
assign the subjects to different ossification stages by means 
of ultrasound. Individuals could be determined younger than 
18 years when complete closing of the growth plates of the 
knee joint was not finished yet [47].

Conclusion: Ultrasonic examination of the epiphyses of 
different bones can be used to limit the age of a young per-
son. The occurring of ossification stage four in the medial 
clavicle epiphysis is linked to an age of at least 18 years. In 
only two studies, the results were compared to CT.

Discussion

To the best of our knowledge, this is the very first compre-
hensive literature review to analyze the applicability of ultra-
sound in the field of legal medicine. Although this method is 
commonly used in clinical daily routine, only a few of stud-
ies regarding its pre- and postmortem feasibility in forensic 
cases were published to date.

Basic conditions concerning (postmortem) 
ultrasound

To evaluate the potential usefulness of ultrasound in legal 
medicine, it is necessary to consider which questions should 
be answered, which information is required as well as which 
subjects (living individuals vs. cadavers) are investigated. 
Referring to wounded living patients, only a few studies 
were published in a forensic context indicating that ultra-
sound was not in focus of forensic pathologists, probably as 
the primary treatment is carried out by clinicians. However, 
since these colleagues may have high expertise in sonogra-
phy, one could consider adding ultrasound to the documen-
tation process of non-accidental injuries in terms of size, 
depth, and age of dermal injuries. Potentially, ultrasound 
may also be able to answer the vitality of dermal injuries. 
Furthermore, there is an obvious difference between exami-
nation of superficial alterations or superficially located 
organs compared to organs lying in the retroperitoneum. 
Additionally, one has to differentiate between “common” 
pathological findings, e.g., bile stones, and primarily poten-
tial lethal diagnoses, e.g., pericardial tamponades.

In the cited studies on examination of cadavers, there 
are comparatively spare statements given on image quality 
and its potential diagnostic implication. Uchigasaki et al. 
described a reasonable applicability of ultrasound for the 
detection of liquids such as ascites, pleural effusion, urine, or 
pericardial effusion [3–6]. Moreover, the depiction of solid 
organs such as the liver viewed transcostally is described. 
Limitations are obvious due to the missing possibility of 
giving breathing commands, shifting of position, missing 
verbal description of symptoms, and the inevitable process 
of decomposition. Especially, the beginning of greenish 
colorization of the abdominal skin and linked gas buildup 
in the intestines significantly reduces image quality even 
according to our own experience with pmUS. In line with 
that, it is impossible to collect valuable images of highly 
decomposed bodies limiting the time interval of valuable 
sonography information to the early postmortem period. 
For putrefied bodies, especially when searching for osse-
ous injuries, CT scans are of greater value [63]. The PMI in 
which the pmUS examinations were performed vary from 
less than 2 h to 192 h [4, 29]. It is proposed that valuable 
images can be made at least up to 5 days postmortem [4, 
6]. In contrast to that, Charlier et al. propose a significantly 
decreased visibility of structures due to postmortem gas 
formation, although their cohort was examined even within 
less than 48 h [23]. Reasons for this broad range of possible 
examinations within the given PMI may be linked to time 
between death and beginning of cooling, different causes of 
death, changing efficiency of ultrasonic devices, and, to a 
high extent, the investigators’ own experience. Moreover, the 
temperature of the bodies while on ultrasonic examination 
seems to play an important role. The colder the body, the 
harder becomes the subcutaneous fatty tissue and permea-
tion of ultrasound waves decreases tremendously. Uchiga-
saki et al. propose an examination at the earliest 1 to 2 h after 
taking the corpse out of the cooling [6]. According to own, 
to date not yet published experiences, the interval to warm 
up the corpses should be longer, even up to 8 h because the 
refrigerated fat seems to significantly reduce image quality. 
Our practice includes to remove the bodies from the cooling 
chambers in the night before pmUS is planned. However, 
if pmUS should be used systematically in the future, the 
authors argue for a prompt investigation on scene or at the 
morgue while arrival with a portable device as frequently 
used in the given studies. This would reduce the PMI to the 
best possible minimum and could also bypass the problems 
linked to the cooling of the corpses.

Referring to lethal diagnoses, only a pericardial tampon-
ade was described as a significant finding yet. In their inves-
tigation of 455 bodies, Uchigasaki et al. found a pericardial 
tamponade in eleven of 13 cases when checked by autopsy 
results [5]. In another study conducted by the same group, 
forensically relevant findings such as intraabdominal fluid 
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(ascites or bleeding), pleural effusions, or metastases could 
be detected in 25% of the investigated 158 cases [4]. How-
ever, it has not been mentioned, how often such diagnoses 
were existing in the full cohort of cases. In contrast to that, 
Charlier et al. examining 38 cadavers could only find non-
lethal diagnoses and missed the cause of death in any case of 
natural and non-natural deaths [23]. Concerning non-natural 
deaths, the abovementioned studies failed to depict relevant 
findings causing death like in drowning, hanging, or con-
cerning lethal injuries. Thus, these results indicate limita-
tions of ultrasound in the wide range of main diagnoses of 
forensic case work (Table 4).

Similar to clinical settings, imaging techniques are linked 
to a question dealing with symptoms the patient indicates. 
This information offers relevant hints to the physician about 
the potential underlying disease and to plan further diagnos-
tics. The same principle can be applied in legal medicine 
especially when no CA and thus no explicit inspection of 
organs is performed. Knowing pre-existing illnesses as well 
as symptoms and circumstances prior to death can valuably 
support the ultrasonic examination of the deceased. For 
example, if a chronic heart failure due to a coronary artery 
disease was known, the leading symptom prior to death was 
progressive dyspnea and the ultrasonic examination reveals 
pleural effusions and signs of an interstitial edema, the cause 
of death can potentially be attributed to a cardiac decompen-
sation with signs of acute left heart failure.

In this form, the sole ultrasonic investigation could be 
seen as a potential extension or one step further regarding 
the internationally acknowledged tool of verbal autopsy 
(World Health Organization) when an autoptic investiga-
tion of the corpse is not allowed by next of kin [64]. There-
fore, adding imaging impressions from the inside of a body 
could enhance the informative value when compared to a 
sole external postmortem investigation. Especially in coun-
tries with low infrastructures and healthcare systems where 
many deaths occur unregistered and without proper death 
certificates, verbal autopsies contribute to rank cause-spe-
cific mortalities [65–67].

The informative value of ultrasound examinations is of 
course significantly depending on the examiners’ skills. For 
clinicians, a standardized education including training pro-
grams, defined numbers of executed examinations, and at 
last daily practice under supervision is essential for qualified 
examinations in routine and emergency diagnostics [68–71]. 
Based on the different curricula, most forensic pathologists 
were not educated in using ultrasound, whereas postmor-
tem CT diagnostics found its way in the forensic practice 
and routine [9]. Only few of the authors cited in this review 
explicitly declared that either the ultrasonic examinations 
or the tissue sampling was carried out by trained staff, e.g., 
radiologists [23, 32, 44]. In nearly all studies on age estima-
tion, the examinations were performed by either qualified 
arthrosonographists or the physicians prepared by attend-
ing the introductory course for the locomotor system by 
the DEGUM (German Society for Ultrasound in Medicine) 
[19, 49, 53–56, 58, 59]. Many authors state a learning curve 
for time and execution of the investigations, success rate of 
organ punctures, and quality of gained tissue samples which 
goes in line with the aforementioned necessity of training. 
Moreover, the postmortem conditions differ to patients alive 
so investigators experienced in clinical examinations need to 
adjust to these variations.

Conclusion: Postmortem ultrasonic investigations are 
limited due to the postmortem changes of the bodies. The 
detection of lethal diagnoses by pure imaging is infrequently 
successful. Ultrasonic examinations of living individuals are 
rarely performed by forensic pathologists. Interdisciplinary 
education is necessary and recommended.

The minimally invasive approach

A promising field in postmortem investigations was estab-
lished regarding MIAs. For many decades, collecting of tis-
sue samples using biopsy needles and subsequent histologi-
cal examinations to specify pathologies have been practiced 
[72–75]. The samples were gathered without any imaging 
techniques only by using anatomical landmarks. Especially 

Table 4   Advantages and disadvantages of sonography in a forensic context

Advantages Disadvantages

  High flexibility and availability   Lower image quality compared to computed tomography or magnetic 
resonance imaging

  Inexpensiveness   Biased by investigator’s experience
  Not tied to a certain place   Limitations due to putrefaction / cooling
  Increased success rate for tissue sampling compared to blind 

biopsies
  Limitations for cerebral, cardiovascular, and tracheobronchial patholo-

gies
  Examination of superficial lesions   Limited experience regarding non-natural causes of death
  No radiation
  Higher acceptance rate in population (to be proven)
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regarding organs difficult to reach, such as the kidneys, 
success rates yielded limited outcomes. Foroudi et al. suc-
cessfully biopsied the kidneys in only 9.5% of 21 cases and 
Wellmann described success rates for the kidneys of 33.6% 
in 394 cases [72, 75]. Success rates of other organs varied 
from 45.7 (lungs) to 100% (liver and heart) [73, 75]. Huston 
et al. gained a concordance rate of 67% for determination 
of cause of death compared to CA, whereas Foroudi et al. 
only reached 43% [72, 73]. At the end of the 1990s, Fariña 
et al. introduced ultrasound to postmortem investigations 
and showed considerably achievements of improving biopsy 
taking [45, 46]. Retroperitoneal located organs like kidneys 
or spleen were successfully biopsied in all cases as well as 
the lungs. Only the heart was reached in 92% of the 100 
cases [45].

Concerning MIA, in most of the studies included in this 
review, ultrasound was rather a supportive tool for gaining 
the tissue samples than for diagnostic imaging purposes. 
Excluding a few studies, the examined cohorts were either 
highly infectious deceased or populations in LMICs. Regard-
ing the latter, the investigations were considerably promoted 
by the CaDMIA project [14, 16, 33–39]. The project is based 
in countries where healthcare structures do not allow fre-
quent CA and thus missing important information on causes 
of death to improve the healthcare systems. Reasons for that 
are missing cultural acceptance of complete opening of the 
body, a lack of understanding for the purpose of the exami-
nations, missing educated staff or logistic aspects like cool-
ing, and transportation of the deceased [15, 76, 77]. Due to 
more flexible and barely disfiguring examination options, 
MIA offers the possibility to increase cause of death deter-
mination. In the studies cited, it was shown that after ultra-
sonic evaluation of organs and body fluids, usable tissue 
samples could be gained. Finally, overall concordance rates 
between MIA and CA of 68 to 90% were reached. Further-
more, investigations on acute infections like yellow fever or 
the recent SARS-CoV-2 pandemic showed reasonable appli-
cability for ultrasound-supported tissue sampling for fur-
ther diagnostics and cause of death determination [29–32]. 
Additionally, concerning biosafety and protection of medical 
staff, needle biopsies supported by ultrasound are possible 
without opening of the corpse and thus reducing the infec-
tion risks for the investigators themselves to a minimum.

The high concordance rates given in the MIA studies 
seem promising but most of cases died due to acute or under-
lying severe chronic infectious diseases like HIV or tuber-
culosis. Keeping this in mind, examinations of deceased in 
HIC who frequently suffer from so-called lifestyle diseases 
as well as sudden cardiac deaths or intracranial patholo-
gies require another perspective on the gained tissues and 
images [78, 79]. This goes in line with previous described 
limited accessibility of cardiac and tracheobronchial tissue 
samples [44, 45]. Next to this, no pmUS or MIA approaches 

for intracranial lesions or for sampling of cerebrospinal fluid 
have been evaluated yet but are already planned by our work-
ing groups.

Regarding these anatomical regions, ultrasound is strictly 
limited due to air formation, either when there are air bub-
bles in the atria or ventricles of the heart as a result of 
decomposition or even gas embolisms or simply when the 
lungs cover the heart, which makes it nearly impossible to 
depict the heart. In such cases, CT or MRI offer valuable 
information and the opportunity to detect coronary artery 
sclerosis and relevant stenoses, pulmonary embolism, and 
inflammatory alterations like myocarditis or arrhythmogenic 
structural alterations [80, 81]. Concerning given concord-
ance rates obtained by minimally invasive methods combin-
ing cross-sectional imaging, added angiography and tissue 
sampling higher values were reached. For example, Ross 
et al. could detect the cause of death in 19 of 20 cases with 
postmortem CT angiography and CT-guided biopsies com-
pared to subsequent CA focusing on sudden deaths after 
chest pain [82]. Similar values were reached by Bolliger 
et al., who report identical results in 18 of 20 cases [83]. 
Blokker et al. and Westphal et al. report an agreement on 
cause of death determined by MIA and CA in 92% and 80% 
of cases, respectively, in which the investigations of West-
phal et al. did not include histological investigations [84, 
85].

In these cases, quoted concordance rates are only partly 
comparable as the examined cohorts partially widely dif-
fer in underlying diseases and socio-economic origin, e.g., 
the aforementioned severe infectious diseases vs. coronary 
artery disease in western countries. Moreover, the applied 
imaging methods of CT and MRI offer a significantly bet-
ter image quality than ultrasound, especially for the heart 
and lungs as well as for intracerebral lesions. The addition 
of angiography allows diagnostic imaging for small vessels 
like the coronary arteries which are nearly impossible to 
depict with ultrasound [86]. Although the cross-sectional 
techniques are truly beneficial, they are more elaborative 
and more expensive than ultrasonic diagnostics. Addition-
ally, they are linked to a specific place where the devices 
are located, are rarely available in forensic institutes and 
morgues, and need specialized trained staff to be operated. 
This point shows that MIA with CT and MRI is less flex-
ible and highly dependent on socio-economic and health-
care structures of countries. Although no explicit charges are 
available, ultrasonic investigations seem obviously cheaper. 
Furthermore, investigators are more flexible where to per-
form the examinations, in particular when portable ultra-
sonic devices are used. This allows, among other things, 
examinations in a distinct short PMI (commonly less than 
2 h) [29].

In the previous paragraphs, some limitations on diagnoses 
possible to detect by ultrasonic examinations were already 
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given. In this line, needed to be mentioned are cerebral hem-
orrhages, intraabdominal lesions and operations, e.g., resec-
tions of parts of the bowel, as well as septic diseases when 
there is no septic focus detectable by means of ultrasound. 
In (attempted) homicides or suicides, ultrasound could 
only partly provide further information, e.g., when there is 
free fluid due to organ injuries or in describing the depth 
of superficial wounds [24, 28]. Lesions occurring in cases 
of compressive violence against the neck like fractures of 
the hyoid bone can potentially be detected by CT but seem 
theoretically difficult to depict by ultrasound [87].

Conclusion: Ultrasound improves the success rates of 
biopsies. Tissue samples for further histopathological and 
microbiological investigations can be accurately gathered. 
There still remain limitations for cardiovascular, intracer-
ebral, and non-natural causes of death.

Ultrasound as a method for forensic age estimation 
without radiation exposure?

Apart from postmortem or injury assessment settings, 
ultrasound has the potential to play an important role 
in forensic age estimation. Current practice as recom-
mended by the AGFAD, examining individuals includes 
physical examination (body data, maturity signs, hints 
for development disorders), dental examination, and radi-
ography of the hand to depict maturation of the skeletal 
system. If the bones of the hands are completely fused 
already, examination of the medial clavicle epiphysis 
by means of CT or MRI is recommended [18, 61, 62]. 
Radiation doses for the exposed are calculated low for 
the specific area (e.g., 0.4 mSv for CT, covering a dis-
tance of 10 cm of the upper thorax). Basically, examina-
tions are not evaluated as a health hazard or disadvantage 
for the examined young(er) people [62, 88]. Neverthe-
less, it must be accounted as an additive radiation expo-
sure, additional to the naturally occurring background 
radiation. Thus, not all European countries follow these 
instructions, in order to protect minors [48]. Moreover, 
device distribution widely differs among countries [89]. 
Concerning ongoing migration movements via different 
migration routes to mainly Europe, many countries have 
to deal with daily arriving people who need to be prop-
erly identified [48, 90]. For these purposes, ultrasound 
could offer a flexible, cheap, and easy to handle alter-
native to examine alleged minors concerning their age. 
Many epiphyseal growth plates of different bones were 
examined by means of ultrasound like the iliac crest, the 
olecranon, or the radius, but most often, the medial clavi-
cle epiphysis was investigated most probable because of 
the already established knowledge on this epiphyseal 
region using CT or MRI. The authors describe a secure 
applicability and depiction of the epiphyses and most 

authors assign the occurrence of ossification stage four 
to an age over 18 years, whereas a clear differentiation 
between 18 and 21 years was yet impossible using the 
four-stage system [19, 48, 56, 59]. In contrast to that, 
the group of Gonsior et al. found a considerable number 
of individuals younger than 18 years with fully ossified 
epiphyses some being not older than 14 years [49]. These 
results show one crucial aspect of ultrasound, which 
was described above already, namely the dependence of 
investigator. To perform the examinations, ultrasound 
skills need to be trained and a coherent education on the 
sono-morphological aspects is needed. Only one study 
could be found, comparing the ultrasonic results with 
the macroscopic aspects during autopsy. In this study, 
ten medial clavicle epiphyses were examined using both 
methods, and in seven of ten cases, results differed due to 
overestimation of the age by ultrasound [53]. Compared 
to all other cited studies on age estimation, this study 
had the lowest case numbers (five individuals, investi-
gation bilaterally), whereas other groups investigated 
up to 616 people [56]. Overestimation by ultrasound is 
mainly ascribed to anatomical variations of the bones or 
the depth of the surrounding soft tissue. Additionally, 
it is conceivable that physical access of the ultrasonic 
probe to the epiphysis is limited due to each individual’s 
anatomy. These factors determine image quality and the 
resulting assessment and are overcome easier by CT.

Regarding the aforementioned efforts, ultrasound has the 
potential to become an established tool in forensic age esti-
mation. However, further research and comparative studies 
on the concordance of ultrasonic results and CT are nec-
essary. In addition, standardized procedures and coherent 
education of forensic physicians using ultrasound needs to 
be established.

Conclusion: The examination of the medial clavicle epi-
physis is the region preferred for forensic age estimation. 
Ultrasound offers the possibility of cheap and flexible exami-
nations, without the need for radiation exposure. Yet, further 
correlation studies between ultrasonic and CT results are 
needed.

Future directions

In response to decreasing autopsy rates, the offer of well-
proven imaging and minimally invasive techniques could 
help to gain better acceptance of necessary and important 
postmortem examinations in all parts of the world. Dur-
ing the lately occuring COVID-19 pandemic, the need for 
quick, well-founded, and secure research was inevitable 
clear more than once using postmortem results and tissues 
[91, 92]. To reduce the risk of infections of medical staff in 
autopsies on deceased carrying highly contagious diseases, 
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ultrasound techniques can be a valuable tool to gain relevant 
findings without complete opening of the corpses and can 
help to classify deceased based on sono-morphological pat-
terns like developed for clinical patients [93, 94]. Moreo-
ver, ultrasound can be used to guide all diagnostic relevant 
tissue samples as well as bodily fluids like urine, pleural 
effusions, or ascites for histopathological and microbiologi-
cal examination. Especially in infectious causes of death, a 
protocolized process of investigation helps to detect relevant 
pathogens and their potential lethal meaning [95]. Concern-
ing this, MIA supported by ultrasound could evolve to a 
widely used method in both forensic and clinical pathol-
ogy helping to understand newly emerging diseases both in 
HIC and in countries where medical structures are limited. 
Moreover, routine cases could be investigated, when a CA is 
impossible due to several and already mentioned reasons. To 
date, no general education of forensic pathologists in using 
ultrasound takes place and ultrasonic application is mostly 
reserved to clinical routine. As interdisciplinarity plays a 
key role in modern medicine and ultrasonic examinations 
deserve experienced investigators, collective trainings could 
be stimulated to improve diagnostic abilities on both sides 
[96].

Conclusion

Ultrasound has the potential to valuably support forensic 
pathologists in pre- and postmortem conditions. As for any 
other investigation given, limitations of ultrasound should 
be strictly considered. Certainly, conventional autopsies 
(inclusive CT, histopathological, microbiological, or labo-
ratory diagnostics, where required) will inevitably remain 
the gold standard in many aspects. Nevertheless, non- or 
minimally invasive methods can provide valid results with 
increasing accuracy, could lead to a better acceptance of 
postmortem investigations, and thus update the current 
gold standard. Both for solely imaging and for gathering 
of tissue samples for further histological or laboratory-
based diagnostics ultrasound is a widely available, easy 
to handle and comparatively cheap tool which can be 
operated worldwide without being tied to a certain place. 
Due to the comparatively limited count of studies using 
ultrasound in the field of legal medicine, more extensive 
validation studies are essential to finally define the most 
adequate implementation of this modality in a pre- and 
postmortem setting. There is need for further investigation 
of ultrasonic feasibility in non-natural causes of death, 
adjustments to mortality cohorts in high-income countries, 
especially regarding cardiovascular pathologies, as well as 
applicability in age estimation or forensic examinations of 
living victims of violence.
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