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Diagnosis of atlanto-occipital
dissociation: Standardised
measurements of normal
craniocervical relationship in finless
porpoises (genus Neophocaena)
using postmortem computed
tomography
Brian C. W. Kot

1,2

, Derek K. P. Chan1, Adams H. L. Yuen1 & Henry C. L. Tsui3

Due to the different craniocervical structures in humans and cetaceans, a standardised method
assessing the normal craniocervical relationship in cetaceans is lacking, causing difficulties in
defining the presence of atlanto-occipital dissociation (AOD) in cetaceans. The present study aimed
to 1) describe a novel standardised method of determining the normal craniocervical relationships,
and 2) define the 95% accuracy range of the normal craniocervical relationship in finless porpoises
(genus Neophocaena), that allowed AOD diagnosis. Fifty-five out 83 stranded or by-caught finless
porpoise carcasses were analyzed in term of their craniocervical relationship in dorsal-ventral and
medial-lateral dimension, using postmortem computed tomography measurements. The normal
craniocervical relationship in both dorsal-ventral (mean BD/OV: 0.87 ± 0.24 [2 SD]) and medial-lateral
dimension (mean VR/VL: 0.98 ± 0.17 [2 SD]) was first defined. The 95% accuracy ranges of the normal
craniocervical relationship in dorsal-ventral (0.63–1.11) and medial-lateral dimension (0.82–1.15) were
proposed. The baseline ranges could facilitate AOD assessment, and provide an objective means of
record for AOD related injury and death of cetaceans caused by anthropogenic trauma. The technique
developed may be applied to live cetaceans with abnormal craniocervical relationship to aid diagnosis
and guide corrective therapy.
The cetacean neck is foreshortened and the cervical vertebrae fused in different degrees1,2. Such specialized anatomy hinders twisting or turning of the cervical spine below C2, which in turn increases rigidity and stability of the
large cranium and mandible3. The neck muscles and ventral thorax contribute to flexion and rotation of the head,
while extension of the neck is limited by the fusion of the cervical vertebrae and their relation to the cranium and
thorax. Splenius capitis muscles connect the cervical spine to the atlas (C1) and the back of the cranium, either
directly or through other ventral neck muscles, resulting restriction of mobility within the neck region3. These
strong neck muscles, together with a network of corresponding ligamentous attachments, provide stability to
the atlanto-occipital joint (AOJ). The AOJ is functionally important for hearing and echolocation4–6. It controls
all movements of the cetacean head with respect to the spine, allowing rotation of the head around a transverse
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axis through the 2 occipital condyles. Injury to the craniocervical structures may have devastating impacts on
cetaceans.
Atlanto-occipital dissociation (AOD), a severe form of high-velocity, high-force AOJ injury includes both
atlanto-occipital dislocation and atlanto-occipital subluxation. Various patterns of AOD have been reported in
humans7,8, domestic9,10, and wild animals11–13, but rarely in marine mammals. Wild coastal cetaceans are believed
to face risk of injury from by-catch and heavy marine traffic. The only published report described an AOD with
partial severance of the spinal cord in a common dolphin washed ashore, together with a mass of monofilament
gill net around its tail stock14. Vessel collision has been extensively reported in small15–17 and large cetaceans18–20.
Obvious traumatic wounds like deep propeller scars and severed spines, tail flukes and fins, have been recorded in
both live and stranded animals that had been victims of vessel collisions. Blunt trauma can also result from vessel
collisions, leading to major internal injury and bleeding, in which may include AOD21.
Diagnostic imaging studies play a pivotal role in the diagnosis and management of AOD patients. Direct measurement of craniocervical relationships on plain lateral cervical spinal radiographs is recognized as a conventional
radiological assessment of AOD in humans22. Suffering from AOD may be overtly obvious on plain radiographs
with severe dislocation, but these injuries are usually fatal. In survivors, the radiographic changes are often subtle,
making diagnosis more challenging. In recent years, computed tomography (CT) has become the standard radiologic technique for diagnosis of fractures and dislocations in the craniocervical region. Postmortem computed
tomography (PMCT) can be a valuable tool for identification and documentation of osteological structures and
the adjacent soft tissues that are not preserved in osteological collections. Spatial relationship between soft tissues
and bones at AOJ can be selectively investigated in situ in their true dimensions and positions. The PMCT of
AOD is first evaluated by Madadin and his team23, suggested that standardised measurements in assessing AOJ
was applicable in human cadavers, with no effects of postmortem changes on the measurement of basion-axial
interval as relied upon clinically.
In the course of the pioneering virtopsy-driven stranding response program in Hong Kong and adjacent
waters, virtopsy using PMCT and postmortem magnetic resonance imaging (PMMRI) have been implemented to
provide supplementary or complementary information to conventional necropsy24,25. Kot and his team suspected
a high incidence of abnormal diastasis of AOJ in stranded cetaceans using PMCT26. To the best of our knowledge,
the formal literature is devoid of any reference to standardise radiographic measurements for AOD diagnosis in
cetaceans. The present study aimed to 1) describe a novel standardised method of determining the normal craniocervical relationships, and 2) define the 95% accuracy range of the normal craniocervical relationship in finless
porpoises (genus Neophocaena), as obtained on reconstructed PMCT images for the diagnosis of AOD.

Results

Craniocervical relationship of 55 finless porpoise carcasses (10 Neophocaena phocaenoides [NP]: 4 males, 5
females, 1 undetermined sex; 39 Neophocaena asiaeorientalis sunameri [NAS]: 22 males, 16 females, 1 undetermined sex; 6 Neophocaena asiaeorientalis asiaeorientalis [NAA]: 3 males, 3 females) with intact cranium and atlas
were analyzed.
Twenty-eight out of 55 carcasses (51%) demonstrated a normal craniocervical relationship. Twenty-seven out
of 55 carcasses (49%) were diagnosed with AOD in dorsal-ventral dimension (Fig. 1) and medial-lateral dimension (Fig. 2). Two finless porpoises were diagnosed with AOD in dorsal-ventral and medial-lateral dimension
concurrently (one exhibited left laterally displaced AOD [LAOD] and ventrally displaced AOD [VAOD]; one
exhibited LAOD and dorsally displaced AOD [DAOD]). Twenty-four (89%) and 3 (11%) out of 27 carcasses
(11%) were identified as postmortem and antemortem AOD respectively. Atlanto-occipital dissociation could be
considered as the cause of death in the 3 antemortem AOD carcasses since no other significant gross pathology
was noted and presence of whole or partially digested prey in stomach in the conventional necropsy.
The mean ratio between basion-dorsal arch of atlas (BD) and opisthion-ventral arch of atlas (OV) of carcasses
(non-AOD exhibited group) demonstrated that a normal craniocervical relationship in dorsal-ventral dimension was 0.87 ± 0.24 (2 standard deviation [SD]) (n = 43; ranged 0.71–1.14) (Table 1). The BD/OV of carcasses
diagnosed with DAOD (mean BD/OV = 0.54 ± 0.10 [2 SD]; n = 7; ranged 0.48–0.61) was significantly (P < 0.05)
smaller than that of non-AOD exhibited group. The BD/OV of carcasses diagnosed with VAOD (mean BD/
OV = 1.39 ± 0.19 [2 SD]; n = 5; ranged 1.26–1.50) was significantly (P < 0.05) greater than that of non-AOD
exhibited group. The 95% accuracy range of BD/OV was 0.63 to 1.11. A finless porpoise carcass with BD/OV
measured less than 0.63 or greater than 1.11 might anticipate to exhibit DAOD or VAOD respectively.
The mean ratio between ventral tubercle of fused cervical vertebral body to left outer margin of occipital condyle (VL) and ventral tubercle of fused cervical vertebral body to right outer margin of occipital condyle (VR) of
carcasses (non-AOD exhibited group) demonstrated that a normal craniocervical relationship in dorsal-ventral
dimension was 0.98 ± 0.17 (2 SD) (n = 38; ranged 0.60–1.50) (Table 2). The VR/VL of carcasses diagnosed with
right laterally displaced AOD (RAOD) (mean VR/VL = 0.70 ± 0.01 [2 SD]; n = 10; ranged 0.60–0.79) was significantly (P < 0.05) smaller than that of non-AOD exhibited group. The VR/VL of carcasses diagnosed with
LAOD (mean VR/VL = 1.37 ± 0.16 [2 SD]; n = 7; ranged 1.29–1.50) was significantly (P < 0.05) greater than that
of non-AOD exhibited group. The 95% accuracy range of VR/VL was 0.82 to 1.15. A finless porpoise carcass with
VR/VL measured less than 0.82 or greater than 1.15 might anticipate to exhibit RAOD or LAOD respectively.

Discussion

In humans, conventional radiography has historically been the modality of choice to assess traumatic upper cervical spine injuries. However, Tepper et al.27 have suggested that approximately 50% of the craniocervical injuries
were missed during the initial conventional radiographic evaluation. With advances in the cross-sectional imaging technology, a transition from conventional radiography to PMCT with multiplanar reconstructions for assessment of AOD has occurred. Assessment of the extent of atlanto-occipital diastasis can be conducted in PMCT,
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Figure 1. Reconstructed midsagittal postmortem computed tomography images of finless porpoise diagnosed
with atlanto-occipital dissociation (AOD) in dorsal-ventral dimension, (a) dorsally displaced AOD and (b)
ventrally displaced AOD.

Figure 2. Reconstructed coronal postmortem computed tomography images of finless porpoise diagnosed with
atlanto-occipital dissociation (AOD) in medial-lateral dimension, (a) right laterally displaced AOD and (b) left
laterally displaced AOD.

allowing a more accurate and faster observation on the dynamic nature of articular displacement compared to
conventional necropsy. The shortcomings of performing measurements on radiographs do not apply to PMCT
because bony landmarks are presented without superimposition10. To the best of our knowledge, the formal literature is devoid of any information regarding the standardised radiographic assessment of AOD in cetaceans. The
present study was the first to describe a novel standardised method for the determination of normal craniocervical relationships in stranded finless porpoises using PMCT.
Given the complex craniocervical anatomical relationships and biomechanical factors involved in AOD, a
single measurement from imaging studies may not be able to define AOD. Efforts have been paid to diagnose
this often overlooked entity in humans, all methods seek to assess damage of the structures stabilizing the AOJ
as a common goal28. In the present study, indication of craniocervical relationship in medial-lateral dimension
was also first included in addition to that in the dorsal-ventral dimension. This was done in consideration of discrepancies in atlanto-occipital relationship between cetaceans and humans1,2 and possible predisposition of the
animal’s body trunk to anthropogenic blunt force impact associated with vessel strikes29–31.
SCienTifiC ReporTS | (2018) 8:8474 | DOI:10.1038/s41598-018-26866-8
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Group (n)

Mean of BD/
OV ± 2 SD

Range of BD/
OV

DAOD exhibited group (7)

0.54 ± 0.10

0.48–0.61

VAOD exhibited group (5)

1.39 ± 0.19

1.26–1.50
0.71–1.14

Non-AOD exhibited group (43)

0.87 ± 0.24

Groups compared

P value

DAOD exhibited group vs. Non-AOD exhibited group

P < 0.05

VAOD exhibited group vs. Non-AOD exhibited group

P < 0.05

Table 1. Comparison of the mean ratio between basion-dorsal arch (pars basilaris-arcus dorsalis) of atlas
(BD) and opisthion-ventral arch (squama occipitalis-arcus ventralis) of atlas (OV) between carcasses with and
without sign of atlanto-occipital dissociation (AOD) in dorsal-ventral dimension, including the significance
level among carcasses in non-AOD exhibited group and dorsally displaced AOD (DAOD)/ventrally displaced
AOD (VAOD) exhibited group, with the use of Kruskal–Wallis test with Dunn’s multiple comparison tests as
post-hoc tests.

Group (n)

Mean of VR/
VL ± 2 SD

Range of VR/
VL

LAOD exhibited group (7)

1.37 ± 0.16

1.29–1.50

RAOD exhibited group (10)

0.70 ± 0.01

0.60–0.79

Non-AOD exhibited group (38)

0.98 ± 0.17

0.60–1.50

Groups compared

P value

LAOD exhibited group vs. Non-AOD exhibited group

P < 0.05

RAOD exhibited group vs. Non-AOD exhibited group

P < 0.05

Table 2. Comparison of the mean ratio between ventral tubercle of fused cervical vertebral body to left outer
margin of occipital condyle (VL) and ventral tubercle of fused cervical vertebral body to right outer margin
of occipital condyle (VR) between carcasses with and without sign of atlanto-occipital dissociation (AOD) in
medial-lateral dimension, including the significance level among carcasses in non-AOD exhibited group and
left laterally displaced AOD (LAOD)/right laterally displaced AOD (RAOD) exhibited group, with the use of
Kruskal–Wallis test with Dunn’s multiple comparison tests as post-hoc tests.

Regarding the craniocervical relationship in dorsal-ventral dimension, the data yielded significant differences (P < 0.05) in mean BD/OV between non-AOD exhibited group and DAOD exhibited group, and between
non-AOD exhibited group and VAOD exhibited group. The 95% accuracy range of BD/OV in finless porpoises
(0.63 to 1.11) was found to be similar to that of BC/OA in humans (0.59 to 0.95)22, which is considered as a normal craniocervical relationship in dorsal-ventral dimension. This 95% accuracy range of BD/OV may imply some
degree of deviation in head dorsal-ventral movement in respect to the vertebral column, which perhaps facilitates
echolocation and locomotion in cetaceans3. Mammalian echolocators perceive external environment through
self-generated sound echoes, and respective head movements have been proven to affect the performance of
echolocation and corrective identification of two-dimensional shape32, which may be critical in cetacean foraging
strategies and social interaction5,33,34.
Regarding the craniocervical relationship in medial-lateral dimension, the data yielded a significant difference (P < 0.05) in mean VR/VL between non-AOD exhibited group and LAOD exhibited group, and between
non-AOD exhibited group and RAOD exhibited group. The 95% accuracy range of VR/VL in finless porpoises
was 0.82 to 1.15, which can be considered as a normal craniocervical relationship in medial-lateral dimension.
The narrower 95% accuracy range of VR/VL (0.82 to 1.15), when compared to that of BD/OV (0.63 to 1.11), may
suggest a limited lateral head movement in cetaceans. The union of cranium and atlas is unique in cetaceans - a
short cervical tract, fused vertebrae in different degrees and hemispherical occipital condyles3. With this craniocervical anatomy, cetaceans are allowed to move and rotate along three different axes1, but not to twist or turn
the cervical spine below axis (C2).
In the present study, similar frequencies of occurrence were found in all AOD exhibited groups (DAOD: n = 7;
VAOD: n = 5; LAOD: n = 7; RAOD: n = 10). Half of the analyzed carcasses (27 out of 55) were diagnosed with
AOD (antemortem AOD: n = 3; postmortem AOD: n = 24). Despite reports of the diagnosis and mechanism of
AOD in cetaceans being scarce and lacking in detail35, we proposed the potential causes of AOD under 2 categories, i.e. anthropogenic events and natural origins. The former may include the association of violent struggling of
entangled individual14,31, and hyperextension injury secondary to vessel collision31, while the latter may include
epimeletic behavior36,37, and intra- or inter-specific aggression behavior31.
In this present study, PMCT measurements of the normal craniocervical relationship in finless porpoises
were emphasized. The yielded baseline ranges could facilitate AOD assessment, and serve as an objective means
of record for AOD related injury and death of cetaceans caused by anthropogenic trauma. The developed technique may also be applied to live cetaceans with abnormal craniocervical relationship to aid diagnosis and guide
corrective therapy.
SCienTifiC ReporTS | (2018) 8:8474 | DOI:10.1038/s41598-018-26866-8
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Figure 3. Standardised method of determining craniocervical relationships. (a) Indication of basion-dorsal
arch (pars basilaris-arcus dorsalis) of atlas (BD) and opisthion-ventral arch (squama occipitalis-arcus ventralis)
of atlas (OV) on a reconstructed midsagittal postmortem computed tomography (PMCT) image of the head
and neck region, which was chosen as the single image with best alignment of mesorostral groove (*), basion,
opisthion, dorsal tubercle of atlas, and ventral tubercle of atlas; (b) Craniocervical relationship in medial-lateral
dimension was illustrated by the ratio between ventral tubercle of fused cervical vertebral body to right outer
margin of occipital condyle (VR) and ventral tubercle of fused cervical vertebral body to left outer margin of
occipital condyle (VL), on a reconstructed coronal PMCT image, which was chosen when dorsal most of the
fused cervical vertebral body was visualized.

In addition to this quantitative data, adjacent neck structures should also be evaluated for the presence of
additional signs, including significant prevertebral soft tissue swelling, cervical spinal cord deficits, respiratory
tract collapse and subarachnoid hemorrhage at the AOJ. The presence of large volume of gas between the blubber
and muscle layers of neck regions might also indicate the bycatch, off-gassing of supersaturated blood and tissues
during or after stranding, sepsis or decomposition38,39, which might give clues to an AOD diagnosis.
An AOD may be caused by different traumatic mechanisms, all having in common the transmission of excessive force to the AOJ, leading to widespread ligamentous disruption and deviation from the normal distances
between bony structures in AOJ. In cetaceans, a number of ligamentous structures, such as capsular ligament
(between occiput and atlas) and central ligaments, are believed to act as important stabilizers of the AOJ3,40–42. In
the present study, PMCT was capable to recognize cervical osseous landmarks; however, ligamentousstructures
cannot be easily visualized in PMCT images40. Magnetic resonance (MR) imaging provides precise anatomical
information about soft tissue injury. Previous reports in humans have identified disruption of the tectorial membrane, cruciate and alar ligaments and effusion within the AOJ as signs of AOD in MR images28,43–45. Further
studies on using PMMRI for the detection of morphological changes in these ligamentous structures would be of
great practical value in describing any ligamentous injuries that characterized AOD in cetaceans.
It is also important to note that, carcasses with bony abnormality of the cervical spine and cervical spine injury
(12 out of 83 carcasses), and carcasses with unfused crania and atlas (16 out of 83 carcasses) were excluded in the
present study. These cases should also be taken in count of the possible incidence of AOD and actual frequency
of occurrence of antemortem AOD. The AOD may be seen due to antemortem or postmortem fractures of the
occipital condyles or atlas46, or when there is postmortem decomposition of the supporting soft tissues.

Methods
Subjects.

A total of 83 finless porpoises, NP, NAS and NAA, in which 23 NP (8 males, 13 females, 2 undetermined sex), 52 NAS (26 males, 24 females, 2 undetermined sex), and 8 NAA (4 males, 4 females) were either
stranded or by-caught in Hong Kong waters and Yangtze River, were recruited in the present study. The condition
of the carcasses was classified using Smithsonian condition codes47 and ranged from code 2 to 4.
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Exclusion criteria. Twelve carcasses (3 NP: 1 male, 1 female, 1 undetermined sex; 9 NAS: 3 males, 6 females)

with bony abnormality of the cervical spine and cervical spine injury (e.g. fracture of the occipital area of crania
and the atlas) were excluded since the bony landmarks for normal craniocervical relationship could be skewed by
adjacent tissue decomposition or disruption from bony injury, leading to measurement failure and error. Sixteen
carcasses with unfused crania and atlas (10 NP: 3 males, 7 females; 4 NAS: 1 male, 2 females, 1 undetermined sex;
2 NAA: 1 male, 1 female) were also excluded from the present study since the contours of bony landmarks for
normal craniocervical relationship were not visually traced, leading to measurement failure.

PMCT image acquisition.

All PMCT scans of NP (14 whole body scans) were performed with a Toshiba
16-row multislice spiral CT scanner Alexion (Toshiba Medical Systems, Japan). The scans were operated at 80
to 120 kV, 60 to 200 mA, and 1 mm slice thickness. Scan field of view (sFOV) was ranged from 15.8 to 53.4 cm.
All PMCT scans of NAS and NAA (54 whole body scans) were performed with a 64-row dual source CT scanner
SOMATOM Definition (Siemens Medical Solutions, Forchheim, Germany). The scans were operated at 120 kV,
15 to 450 mA, and 0.6 to 1 mm slice thickness. The sFOV was ranged from 25.6 to 50.0 cm.

™

™

Image processing and evaluation. Volumetric data was reconstructed and reformed for multiplanar
reconstruction using open-source Digital Imaging and Communications in Medicine viewer software (Horos
Project, 2015, version 2.1.0; www.horosproject.org). The rendered CT images were analyzed with bone window
settings (window width, 1500 HU; window level, 300 HU).
Craniocervical relationship in dorsal-ventral dimension was evaluated by the ratio between BD and OV on
a midsagittal PMCT image of the cervical region modified from Powers et al.22. The reconstructed midsagittal
PMCT image was chosen as the single image with best alignment of the mesorostral groove, basion, opisthion and
dorsal and ventral tubercle of atlas (Fig. 3a).
Craniocervical relationship in medial-lateral dimension was evaluated by the ratio between VL and VR on a
coronal PMCT image. The reconstructed coronal PMCT image was chosen when dorsal most of the fused cervical vertebral body was seen (Fig. 3b).
The complete PMCT data was evaluated, and carcasses with a suspected abnormal craniocervical relationship
were identified during PMCT examination by experienced radiological clinician (BK) who had more than 4 year
of experience in CT scanning and cetacean virtopsy reporting. In-house veterinarians then performed a detailed
conventional necropsy and obtained a complete necropsy report. Antemortem AOD was defined as the presence
of subcutaneous edema and hemorrhage in the impact site near the AOJ. The AOD diagnosis was made at a consensus conference attended by the radiological clinician and in-house veterinarians.
All PMCT datasets of the AOJ were also compared with gross anatomical and in situ PMCT studies1,3,48.
Structures not described in previous works were labelled in accordance with the official anatomical terminology49.
All procedures in this study were reviewed and approved by the Agriculture, Fisheries and Conservation
Department of Hong Kong Special Administrative Region [AF GR CON 09/68 PT.9]. All examinations were
performed in accordance with relevant guidelines and regulations.
Statistical methods. Differences in the craniocervical relationship of dorsal-ventral and medial-lateral
dimension between AOD exhibited group and non-AOD exhibited group were analyzed using Kruskal–Wallis
test with Dunn’s multiple comparison tests as post-hoc tests (Graphpad InStat 3.05, GraphPad Software San
Diego, California). The upper limit of 95% accuracy range was defined as the mean of non-AOD exhibited
group + 2 SD, while the lower limit of 95% accuracy range was defined as the mean of non-AOD exhibited group
− 2 SD. For all statistical tests, values of P < 0.05 were considered significant.
Data availability. The data that support the findings of this study are available from the Agriculture, Fisheries

and Conservation Department of Hong Kong Special Administrative Region (for NP and NAS) and Institute of
Hydrobiology, Chinese Academy of Sciences (for NAA) but restrictions apply to the availability of these data,
which were used under license for the current study, and so are not publicly available. Data are however available
from the authors upon reasonable request and with permission of the Agriculture, Fisheries and Conservation
Department of Hong Kong Special Administrative Region (for NP and NAS) and Institute of Hydrobiology,
Chinese Academy of Sciences (for NAA).

Conclusions

In conclusion, a novel standardised method for determination of normal craniocervical relationships in finless porpoises was first described. The PMCT measurements of normal craniocervical relationship in both
dorsal-ventral (mean BD/OV: 0.87 ± 0.24 [2 SD]) and medial-lateral dimension (mean VR/VL: 0.98 ± 0.17
[2 SD]) was the first reported. The 95% accuracy ranges of the normal craniocervical relationship in dorsal-ventral
and medial-lateral dimension were 0.63 to 1.11 and 0.82 to 1.15 respectively. The PMCT measurements together
with evaluation of adjacent neck structures could serve as an effective tool for AOD diagnosis.

References

1. Rommel, S. Osteology of the bottlenose dolphin. In The Bottlenose Dolphin (eds Leatherwood, S. & Reeves, R. R.) 29–49 (Academic
Press, 1990).
2. Kot, B. C. W., Ying, M. T., Brook, F. M., Kinoshita, R. E. & Cheng, S. C. Ultrasonographic assessment of the thyroid gland and
adjacent anatomic structures in Indo-Pacific bottlenose dolphins (Tursiops aduncus). Am J Vet Res 73, 1696–1706, https://doi.
org/10.2460/ajvr.73.11.1696 (2012).
3. Cozzi, B., Huggenberger, S. & Oelschläger, H. A. Locomotion (Including osteology and Myology), 1st ed. In Anatomy of Dolphins:
Insights into Body Structure and Function (eds Cozzi, B., Huggenberger, S. & Oelschläger, H. A.) 33–89 (Academic Press, 2016).
4. Xitco, M. J., Gory, J. D. & Kuczaj, S. A. Dolphin pointing is linked to the attentional behavior of a receiver. Anim Cogn 7, 231–238,
https://doi.org/10.1007/s10071-004-0217-z (2004).

SCienTifiC ReporTS | (2018) 8:8474 | DOI:10.1038/s41598-018-26866-8

6

www.nature.com/scientificreports/
5. Verfuß, U. K., Miller, L. A., Pilz, P. K. D. & Schnitzler, H. Echolocation by two foraging harbour porpoises (Phocoena phocoena). J
Exp Biol 212, 823–834, https://doi.org/10.1242/jeb.022137 (2009).
6. Miller, L. A. Prey capture by harbor porpoises (Phocoena phocoena): a comparison between echolocators in the field and in captivity.
J Mar Acoust Soc Jpn 37, 156–168, https://doi.org/10.1121/1.4808947 (2010).
7. Imaizumi, T. et al. Associated injuries and mechanism of atlantooccipital dislocation caused by trauma. Neurol Med Chir (Tokyo) 35,
385–391 (1995).
8. Astur, N. et al. Traumatic atlanto-occipital dislocation in children. J Bone Joint Surg Am 95, e194, https://doi.org/10.5435/
JAAOS-22-05-274 (2013).
9. Cerda-Gonzalez, S., Dewey, C. W., Scrivani, P. V. & Kline, K. L. Imaging features of atlanto-occipital overlapping in dogs. Vet Radiol
Ultrasound 50, 264–268, https://doi.org/10.1111/j.1740-8261.2009.01531.x (2009).
10. Dolera, M. et al. Zygomatic arch-atlas wing stabilization in 5 dogs with atlanto-occipital dislocation. J Vet Med Sci 78, 963–970,
https://doi.org/10.1292/jvms.15-0421 (2016).
11. Tanabe, M. et al. Verminous encephalitis in a horse produced by nematodes in the family Protostrongylidae. Vet Pathol 44, 119–122,
https://doi.org/10.1354/vp.44-1-119 (2007).
12. Seva, J. I., Gómez, S., Pallarés, F. J., Sánchez, P. & Bernabé, A. Occipitoatlantoaxial malformation in an adult goat. J Vet Diagn Invest
20, 654–656, https://doi.org/10.1177/104063870802000522 (2008).
13. Fraga-Manteiga, E., Eatwell, K., Smith, S., Mancinneli, E. & Schwarz, T. Traumatic atlanto-occipital subluxation and cranial cervical
block vertebrae in a golden eagle (Aquila chrysaetos). Vlaams Diergeneeskd Tijdschr 82, 211–215 (2013).
14. Kuiken, T. et al. Mass mortality of common dolphins (Delphinus delphis) in south west England due to incidental capture in fishing
gear. Vet Rec 134, 81–89, https://doi.org/10.1136/vr.134.4.81 (1994).
15. Van Waerebeek, K. et al. Vessel collisions with small cetaceans worldwide and with large whales in the Southern Hemisphere, an
initial assessment. Lat Am J Aquat Mamm 6, 43–69, https://doi.org/10.5597/lajam00109 (2007).
16. Jefferson, T. A., Hung, S. K. & Würsig, B. Protecting small cetaceans from coastal development: impact assessment and mitigation
experience in Hong Kong. Mar Policy 33, 305–311, https://doi.org/10.1016/j.marpol.2008.07.011 (2009).
17. Ritter, F. Collisions of sailing vessels with cetaceans worldwide: first insights into a seemingly growing problem. J Cetacean Res
Manag 12, 119–127 (2012).
18. George, J. C. et al. Frequency of killer whale (Orcinus orca) attacks and ship collisions based on scarring on bowhead whale (Balaena
mysticetus) of the Bering-Chukchi-Beaufort Seas stock. Arctic 47, 247–255, https://doi.org/10.14430/arctic1295 (1994).
19. Laist, D. W., Knowlton, A. R., Mead, J. G., Collet, A. S. & Podesta, M. Collisions between ships and whales. Mar Mammal Sci 17,
35–75, https://doi.org/10.1111/j.1748-7692.2001.tb00980.x (2001).
20. Campbell-Malone, R. et al. Gross and histologic evidence of sharp and blunt trauma in North Atlantic right whales (Eubalaena
glacialis) killed by vessels. J Zoo Wildi Med 39, 37–55, https://doi.org/10.1638/2006-0057.1 (2008).
21. Shatsky, J. B., Alton, T. B., Bellabarba, C. & Bransford, R. J. Occult cranial cervical dislocation: A case report and brief literature
review. Case Rep Orthop 2016, 4930285, https://doi.org/10.1155/2016/4930285 (2016).
22. Powers, B., Miller, M. D., Kramer, R. S., Martinez, S. & Gehweiler, J. A. Traumatic anterior atlanto-occipital dislocation. Neurosurgery
4, 12–17, https://doi.org/10.1227/00006123-197901000-00004 (1979).
23. Madadin, M., Samaranayake, R. P., O’Donnell, C. & Cordner, S. Post-mortem CT evaluation of atlanto-occipital dissociation. J
Forensic Leg Med 46, 16–19, https://doi.org/10.1016/j.jflm.2016.12.009 (2017).
24. Chan, D. K. P., Tsui, H. C. L. & Kot, B. C. W. Database documentation of marine mammal stranding and mortality: current status
review and future prospects. Dis Aquat Org 126, 247–256, https://doi.org/10.3354/dao03179 (2017).
25. Yuen, A. H. L., Tsui, H. C. L. & Kot, B. C. W. Accuracy and reliability of cetacean cranial measurements using computed tomography
three-dimensional volume rendered images. PLOS ONE 12, e0174215, https://doi.org/10.1371/journal.pone.0174215 (2017).
26. Kot, B. C. W., Fernando, N., Gendron, S., Heng, H. G. & Martelli, P. The virtopsy approach: bridging necroscopic and radiological
data for death investigation of stranded cetaceans in the Hong Kong waters. In Proceedings of IAAAM 47th Annual Conference http://
www.vin.com/apputil/content/defaultadv1.aspx?pId=14818&catId=75136&id=7312297 (2016).
27. Tepper, S. L., Fligner, C. L. & Reay, D. T. Atlanto-occipital disarticulation: accident characteristics. Am J Forensic Med Pathol 11,
193–197, https://doi.org/10.1097/00000433-199009000-00003 (1990).
28. Havrda, J. B. & Paterson, E. Imaging atlantooccipital and atlantoaxial traumatic injuries. Radiol Technol 89, 27–41 (2017).
29. Stone, G. & Yoshinaga, A. Hector’s dolphin (Cephalorhynchus hectori) calf mortalities may indicate new risks from boat traffic and
habituation. Pac Conserv Biol 6, 162–171, https://doi.org/10.1071/PC000162 (2000).
30. Martinez, E. & Stockin, K. A. Blunt trauma observed in a common dolphin Delphinus sp. likely caused by a vessel collision in the
Hauraki Gulf, New Zealand. Pac Conserv Biol 19, 197–27, https://doi.org/10.1071/PC130019 (2013).
31. Moore, M. J. et al. Criteria and case definitions for serious injury and death of pinnipeds and cetaceans caused by anthropogenic
trauma. Dis Aquat Org 103, 229–264, https://doi.org/10.3354/dao02566 (2013).
32. Milne, J. L., Goodale, M. A. & Thaler, L. The role of head movements in the discrimination of 2-D shape by blind echolocation
experts. Atten Percept Psychophys 76, 1828–1837, https://doi.org/10.3758/s13414-014-0695-2 (2014).
33. Evans, W. E. Echolocation by marine delphinids and one species of fresh‐water dolphin. J Acoust Soc Am Discipline 54, 191 (1973).
34. Zimmer, W. M., Johnson, M. P., Madsen, P. T. & Tyack, P. L. Echolocation clicks of free-ranging Cuvier’s beaked whales (Ziphius
cavirostris). J Acoust Soc Am 117, 3919–3927, https://doi.org/10.1121/1.1910225 (2005).
35. Kuiken, T. Review of the criteria for the diagnosis of by-catch in cetaceans. In Diagnosis of by-catch in Cetaceans. Proceedings of the
Second ECS Workshop on Cetacean Pathology (ed. Kuiken, T.) 26, 38–431 (European Cetacean Society, 1996).
36. Moore, J. C. Bottle-nosed dolphins support remains of young. J Mammal 36, 466–467, https://doi.org/10.2307/1375704 (1955).
37. Liliane, L. Epimeletic behavior of free-ranging rough-toothed dolphins, Steno bredanensis, from Brazil. Mar Mamm Sci 8, 284–287,
https://doi.org/10.1111/j.1748-7692.1992.tb00410.x (1992).
38. Moore, M. J. et al. Gas bubbles in seals, dolphins, and porpoises entangled and drowned at depth in gillnets. Vet Pathol 46, 536–547,
https://doi.org/10.1354/vp.08-VP-0065-M-FL (2009).
39. Dennison, S. et al. Bubbles in live-stranded dolphins. Proc R Soc B 279, 1396–1404, https://doi.org/10.1098/rspb.2011.1754 (2012).
40. Struthers, J. In On some points in the anatomy of a Megaptera longimana (ed. Struthers, J.) 1–208 (Forgotten Books, 1872).
41. Pabst, D. A. Axial muscles and connective tissues of the bottlenose dolphin. In The Bottlenose Dolphin (eds. Leatherwood, S. &
Reeves, R. R.) 50–67 (Academic Press, 1990).
42. Booth, T. N. Cervical spine evaluation in pediatric trauma. AJR Am J Roentgenol 198, W417–425, https://doi.org/10.2214/
AJR.11.8150 (2012).
43. Krakenes, J., Kaale, B. R., Rorvik, J. & Gilhus, N. E. MRI assessment of normal ligamentous structures in the craniovertebral
junction. Neuroradiology 43, 1089–1097, https://doi.org/10.1007/s002340100648 (2001).
44. Pfirrmann, C. W. A., Binkert, C. A., Zanetti, M., Boos, N. & Hodler, J. MR Morphology of alar ligaments and occipitoatlantoaxial
joints: Study in 50 asymptomatic subjects. Radiology 281, 133–137, https://doi.org/10.1148/radiology.218.1.r01ja36133 (2001).
45. Radcliff, K., Kepler, C., Reitman, C., Harrop, J. & Vaccaro, A. C. T. and MRI-based diagnosis of craniocervical dislocations: the role
of the occipitoatlantal ligament. Clin Orthop Relat Res 470, 1602–1613, https://doi.org/10.1007/s11999-011-2151-0 (2012).
46. Jónsson, H., Bring, G., Rauschning, W. & Sahlstedt, B. Hidden cervical spine injuries in traffic accident victims with skull fractures.
J Spinal Disord 4, 251–263, 0.1097/00002517-199109000-00001 (1991).

SCienTifiC ReporTS | (2018) 8:8474 | DOI:10.1038/s41598-018-26866-8

7

www.nature.com/scientificreports/
47. Geraci, J. R. & Lounsbury, V. J. 1st ed. In Marine mammals ashore. A field guide for strandings (eds Geraci, J. R. & Lounsbury, V. J.)
1–309 (Texas A&M University Sea Grant College Program, 1993).
48. Alonso-Farré, J. M. et al. Cross-sectional Anatomy, Computed Tomography and Magnetic Resonance Imaging of the Head of
Common Dolphin (Delphinus delphis) and Striped Dolphin (Stenella coeruleoalba). Anat Histol Embryol 44, 13–21, https://doi.
org/10.1111/ahe.12103 (2015).
49. Waibl, H., Gasse, H., Constantinescu, G. M., Hashimoto, Y. & Simoens, P. 5th rev. ed. Nomina Anatomica Veterinaria. International
Committee on Veterinary Gross Anatomical Nomenclature & World Association of Veterinary Anatomists (Columbia, USA, 2012).

Acknowledgements

The authors would like to thank Agriculture, Fisheries and Conservation Department of the Hong Kong Special
Administrative Region Government, and Institute of Hydrobiology, Chinese Academy of Sciences for the
continuous support in this project. Sincere appreciation is also extended to veterinarians, staff and volunteers
from Ocean Park Hong Kong, Ocean Park Conservation Foundation Hong Kong, Institute of Hydrobiology,
Chinese Academy of Sciences, Tung Wah College and Cetacean Virtopsy Lab, for paying great effort on the
stranding response, conventional necropsy and logistic arrangements in this project. Special gratitude is owed
to technicians in Peace Avenue Veterinary Clinic, City University of Hong Kong, and Zhong Nan Hospital of
Wuhan University for operating the CT units in the present study. Special thanks to Dr. Michael Bradley for
English editing of this manuscript. This project was financially supported by the Marine Ecology Enhancement
Fund (grant number: MEEF2017014/L01), Marine Ecology Enhancement Fund, Marine Ecology & Fisheries
Enhancement Funds Trustee Limited. Any opinions, findings, conclusions or recommendations expressed
herein do not necessarily reflect the views of the Marine Ecology Enhancement Fund or the Trustee. The pioneer
stranded cetacean virtopsy project received financial support from the Hong Kong Research Grants Council
(Grant number: UGC/FDS17/M07/14).

Author Contributions

B.C.W.K., H.C.L.T. & A.H.L.Y. designed the experiments. B.C.W.K. and A.H.L.Y. collected the data. B.C.W.K. and
D.K.P.C. validated and interpreted the data. All the authors have contributed to, prepare the initial draft, read and
approved the final version of the manuscript. B.C.W.K. supervised the overall project.

Additional Information

Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2018

SCienTifiC ReporTS | (2018) 8:8474 | DOI:10.1038/s41598-018-26866-8

8

