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Magnetic resonance imaging of the live tri-spine horseshoe crab
(Tachypleus tridentatus)
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ABSTRACT. Tri-spine horseshoe crab (Tachypleus
tridentatus) is one of the most extensively studied ar-
thropods from both biological and paleontological per-
spectives due to its unique suite of anatomical features
and as a useful modern analogue for fossil arthropod
groups. To assist the study and documentation of this
iconic taxon, thorough understanding of their anatomy
is necessary. Traditional dissection approach to study
the anatomy of tri-spine horseshoe crab is technically
demanding and time-consuming, and causes loss of
specimen integrity. Magnetic resonance imaging (MRI)
have currently become more readily available for zoo-
morphological investigation. A growing body of digi-
tally stored anatomical data has become available to
assist with biological, morphological and pathological
investigation, without destroying specimens. The ob-
jective of the present study is to provide an overview of
the normal cross-sectional anatomy of the live tri-spine
horseshoe crab using TIW and T2W MRI, along with
dissection images. MRI scan of 4 living tri-spine horse-
shoe crabs were performed by 1.5T MRI scanner. The
resulting images provided excellent detail of major
anatomical structures of live tri-spine horseshoe crabs.
The illustrations in the present study provides an initial
reference to evaluate anatomical structures of the tri-
spine horseshoe crab on MR images.
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PE3IOME. bnaronapsi yankansHOMY Ha0Opy aHa-
TOMHUYECKHUX OCOOEHHOCTEH W HAJIIMYUEM COBPEMEH-
HBIX QHAJIOTUH BBIMEPIIMM TPYIIIaM apTPOIO]] MedeX-
Boct Tachypleus tridentatus — oaHO U3 HauOOJICE MH-
TEHCHUBHO HCCIIE/IOBAaHHBIX YWICHUCTOHOTUX, KaK C OMO-

JIOTUYECKOM, TaK U C MaJICOHTOJIOTMYECKON TOUKH 3pe-
Hus. IS Tydiiero NoOHUMaHMs 3TOTO0 TaKCOHA-MKOHBI
HEOOXOMMO JETaIbHOE NCCIIeIOBAaHUE €r0 AaHATOMHH.
TpanuunOHHBIA aHATOMUYECKHM MOAXOJI, CBSI3aHHBIM
C paculeHEeHHEeM O0BEKTa, TEXHHYECKH 3aTpyTHHUTE-
JIeH ¥ 3aHMMAaeT MHOTO BPEMEHH, MIPU MOTEPEe IETIOCT-
HOCTH oOpasia. B Hacrosiiee BpeMs aiisi 300Mop¢ho-
JIOTUYECKUX MCCIEIOBAHUH BCe Yalle IPUMEHSIIOT Mar-
HUTHBIA pe3oHaHc (MP). Pactymmii o6bem oumdpo-
BAaHHBIX aHATOMHYCCKHUX TaHHBIX JAOCTYICH ISl OWO-
JIOTUYECKUX, MOP(POIOTHIECKIX M IMATOIOTHICCKUX
HCCIICZIOBAaHMH, KOTOPBIE MOYKHO TPOBOAUTE O€3 pas-
pyuienust 00bekToB. Llens HacTosimiel paboThl — Ha
CEepHH MOCIIEAOBATENBHBIX CPE30B JIaTh 0030p aHATO-
MHH KUBOrO MeuyexBocTa, ucnoipdys TIW u T2W
MP-m300pakeHUsT B CPAaBHCHUU C OOBIYHBIMH Cpe3a-
Mu. MP-ckanupoBanue 4 KUBBIX MEUEXBOCTOB OBLIO
BeIotHeHO Tipu nomonti 1.5T MP-ckanepa. Come-
IICHHBIE M300pakKeHUS MOKa3bIBAIOT TOYHBIC AETaNN
OCHOBHBIX AQHAaTOMHYECKHUX CTPYKTYyp MEUEXBOCTa U
TIO3BOJISIIOT JaTh TEPBbIE OLCHKH KadecTBa MP-1300-
PaKE€HUS ITOrO WIEHUCTOHOIOTO.

Introduction

Tri-spine horseshoe crab (Tachypleus tridentatus
(Leach, 1819)) is one of the most extensively studied
arthropods from both biological and paleontological
perspectives due to its unique suite of anatomical fea-
tures and as a useful modern analogue for fossil arthro-
pod groups. To assist the study and documentation of
this iconic taxon, thorough understanding of their anat-
omy is necessary.

The internal and external anatomical structures of
euthanized or died horseshoe crab were studied repeat-
edly since nineteenth centuries and are regularly de-
picted in scientific literatures using dissection approach
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[Van der Hoeven, 1838; Ward, 1969; Dewey et al.,
1973; Silvey, 1973; Bergdale, 2017]. This traditional
procedure is technically demanding and time-consum-
ing, and causes loss of specimen integrity. Cross sec-
tional imaging technique, such as computed tomogra-
phy (CT) and magnetic resonance imaging (MRI), have
become more readily available for zoomorphological
investigation. A growing body of digitally stored ana-
tomical data has become available to assist with bio-
logical, morphological and pathological investigations.
Recently, Bicknell and his team made use of CT and
micro-CT to study the appendages and muscles of the
horseshoe crab with iodine staining [2018]. However,
iodine staining of the animals in the study requires
killing of the animals. MRI measures the distribution
of hydrogen atoms within the specimen and is specifi-
cally used to reveal internal soft tissue structures with
subtle differences in composition [Lauridsen et al.,
2011], without destroying the specimen. Spatial rela-
tionship between anatomical structures can then be
investigated in situ in their true dimensions [Lauridsen
et al., 2011; Berquist ef al., 2012].

Planimetric MR images are frequently used for the
study of anatomical structures in many aquatic inverte-
brates, including blue crab [Brouwer et al., 1992],
crayfish [Herberholz ef al., 2005], fresh water mussel
[Michael Holliman et al., 2008], oyster [Pouvreau et
al., 2006; Smith, Reddy, 2012], squid [Ziegler et al.,
2011], starfish [Sigl et al., 2013] and urchin [Ziegler et
al., 2008]. To date, there is no scientific literature
describing MRI anatomy of the live tri-spine horseshoe
crab to the best of the authors’ knowledge. The objec-
tive of the present study is to provide an overview of
the normal cross-sectional anatomy of the live tri-
spine horseshoe crab using MRI, along with dissec-
tion images.

Materials and Methods

Four live specimens of tri-spine horseshoe crabs (7a-
chypleus tridentatus) (2 males and 2 females) were ob-
tained commercially from Hong Kong. The animals used
in the present study ranged from 43 to 48 cm in length
from the front of the carapace to base of the telson.

Living tri-spine horseshoe crabs were used for the
study of anatomical structures in the present MRI study.
In the event that the animal is active, the MR images
may subject to motion artifacts (e.g. blurring), which
may degrade image quality and lead to misinterpreta-
tion of anatomical structures [Havsteen et al., 2017]. In
the present study, sedation was achieved by removing
the tri-spine horseshoe crabs from water for 15 minutes
prior to handling and imaging. This technique required
no chemical agents and was reported to be effective in
sedating horseshoe crab without apparent physiologic
harm [Nolan, Smith, 2009].

The whole-body MRI scans were performed using
a 1.5 Tesla (T) MRI scanner (Panion Premier, Time
Medical Systems, Hong Kong, China) equipped with a
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60 cm bore with full 45 cm field-of-view (FOV) imag-
ing capability. The actively shielded gradient coils have
gradient strength of 34.4 mT/m with a maximum slew
rate of 123 T/m/s and a rise time of 280 ps. A 16-
channel multi-purpose coil was used to receive the
signal using fast low angle shot sequences in T1-weight-
ed modes (T1W) and fast spin echo sequences in T2-
weighted modes (T2W). MR protocol: echo time [TE]
8.2 ms; repetition time [TR] 19.6 ms; bandwidth 35.7
kHz; flip angle 30°, and FOV 260 x 300 mm were
selected to acquire TIW images with reconstructed
spacing 0.29 x 0.29 mm, in which lipids and proteina-
ceous fluids were enhanced. MR protocol: TE 133.5
ms; TR 6300 ms; bandwidth 35.7 kHz; flip angle 90°,
and FOV 260 x 300 mm were selected to acquire T2W
images with reconstructed spacing 0.29 x 0.29 mm, in
which signals from loosely bound protons (e.g., fluids)
were enhanced. Scan time and slice thickness was 20
minutes and 3mm respectively for both sequences. MRI
scans in coronal planes were obtained using open-source
Digital Imaging and Communications in Medicine view-
er software (Horos Project, 2015, version 2.1.0;
www.horosproject.org). Seven section levels were se-
lected. Figure 1 depicts the slicing levels and number-
ing of subsequent figures. The images were reviewed
by radiological clinician (AY) and veterinarian (SWK).

One female tri-spine horseshoe crab was dissected.
Identification of anatomical structures was aided by
existing published figures of horseshoe crab anatomy
[Ward, 1969; Dewey et al., 1973; Silvey, 1973; Wat-
son, 1980; Spotswood, Smith, 2007; Bergdale, 2017].
Corresponding dissection images were chosen trying
to identify the best anatomical correlation for MR
images.

Results

Anatomical structures of the live tri-spine horse-
shoe crab were identified on the MR images and corre-
lated with corresponding dissection images. The re-
sults of the present study were shown in Figures 2a—g,
corresponding to ventral to dorsal progression.

T1W and T2W coronal MR images of the live tri-
spine horseshoe crab provided detail of anatomical
structures and correlated well with corresponding dis-
section image. Excellent discrimination of soft tissues,
organs and cavitary structures containing fluids was
evident in the T2ZW MR images. These structures in-
clude: major muscles; circulatory system structures in-
cluding the heart, pericardial cavity and major arteries;
digestive system structures including the crop, gizzard
and esophagus; excretory system structures including
the convoluted tubule; nervous system structures in-
cluding the optic nerves, protocerebrum and tritocere-
brum. TIW MR image provides the best contrast and
excellent definition for morphology of digestive tract,
including pyloric valve, midgut, hindgut and rectum.
As described in other invertebrate [Kohnk ez al., 2017],
mineralized tissues such as the exoskeleton were hard-
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Fig 1. Mid sagittal view of Tachypleus tridentatus by MRI scans; showing coronal sectioning levels corresponding to Fig. 2.

Puc. 1. CpenunHBIN caruTTalbHbIi BUJ MedexBocTa Tachypleus tridentatus, ¢ yka3aHHeM KOPOHAJIBLHOTO CKAHUPOBAHMS MPU TOMOIIH
MarHUTHOTO pe30HaHca, 0003HAYECHHS CPE30B COOTBETCTBYIOT MILTIOCTPALMSAM Ha PHUC. 2.

ly recognizable by MRI since it does not provide suffi-
cient MR signal.

Discussion

The present study focused on the application of
MRI to study the anatomical structures of the live tri-
spine horseshoe crab. The results demonstrated that
major anatomical structures of the live tri-spine horse-
shoe crab can be identified with a 1.5T MRI scanner.
Adequate image resolution and contrast were achieved
without specialized coils, software, or excessive scan
time. Euthanasia of the tri-spine horseshoe crab in the
present study is not required. Although Tachypleus
tridentatus was the Xiphosura evaluated in the present
study, it is likely that the MR protocols used in the
present study will be applicable to other live horseshoe
crab species of similar size. MRI significantly increase
the quality and quantity of anatomical and morphologi-
cal information. Detailed anatomical structures, pre-
sented in the present study using MRI, validate this
imaging technique for suitable evaluation of multiple
organ systems in the live tri-spine horseshoe crab.

Horseshoe crab collections housed in various insti-
tutions and museums, possess a wealth of anatomical
and morphological data that have academic, cultural
and historic value. Using traditional dissection for ex-
amination purpose will irretrievably alter or even de-
stroy the specimen and preclude other fresh analysis on
the same horseshoe crab. Using MRI, a virtual dissec-
tion can be performed while keeping the specimen

intact [Persson ef al., 2011]. MR images were recorded
in Digital Imaging and Communication in Medicine
(DICOM) format in the present study. DICOM data
sets can be permanently stored in Picture Archiving
and Communication System (PACS), which can be
recalled at will to the same specimen if additional
information is required. Its digitally transferable fea-
ture can also facilitate second opinion by other profes-
sionals or institutes worldwide even if the specimens
cannot not be physically provided or available.

Another major advantage of the MRI is the ability
to produce a range of 3D reconstructions, allowing for
a better understanding of the internal anatomy of the
specimen. Tri-spine horseshoe crab examined in this
way may provide a useful way of visualizing the spatial
arrangement of internal anatomical structures. While
the present study intended to depict anatomical struc-
tures of the tri-spine horseshoe crab on planimetric MR
images, illustration of 3D anatomical structures should
be included for consideration in future research of tri-
spine horseshoe crab.

The present study is the first to depict the anatomi-
cal structures of live tri-spine horseshoe crab using
MRI. The result demonstrated that TIW and T2W
sequences can produce MR images with sufficient con-
trast to allow the identification of a broad selection of
anatomical structures in the live tri-spine horseshoe
crab. The illustrations in the present study provide an
initial reference to evaluate anatomical structures of
the live tri-spine horseshoe crab on MR images. It
could be considered as a useful alternative for biologi-
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Fig. 2. Coronal MR images and corresponding dissection images of Tachypleus tridentatus at different levels of Figure 1: (a) T2W
image at level 1; (b) T2W image (b1) and corresponding dissection image (b2) at level 2; (¢) T2W image at level 3; (d) T2W image at level
4; (e) TIW image (el), T2W image (e2), and corresponding dissection image (e3) at level 5; (f) T2W image at level 6; (g) T2W image (gl)
and corresponding dissection image (g2) at level 7.
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cal and paleontological investigation of the tri-spine
horseshoe crab in the future.
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Responsible editor K.G. Mikhailov

Abbreviations: 1 — hepatopancreas and gonadal tissue, 2 — chelicera (first prosomal appendage), 3 — pedipalp (second prosomal

appendage), 4 — walking leg (third to fifth prosomal appendages), 5 — swimmer leg (sixth prosomal appendage), 6 — chilariae, 7 —
genital operculum, 8 — gill operculum, 9 — anus, 10 — telson, 11 — medioventral head telson depressor, 12 — lateroventral telson
depressor, 13 — telson abductor, 14 — crop, 15 — protocerebrum, 16 — tritocerebrum, 17 — book gills, 18 — coelomic artery, 19 —
lateral telson leviator, 20 — rectum, 21 — medial telson leviator, 22 — remotor muscle and promotor muscle of gill operculum, 23 —
mouth, 24 — lateral optic nerve, 25 — median optic nerve, 26 — gizzard, 27 — esophagus, 28 — longitudinal muscle, 29 — telson muscle,
30 — anterior marginal artery, 31 — hindgut, 32 — posterior trochanter depressor, 33 — flabellum, 34 — anterior trochanter depressor, 35 —
trochanter levator, 36 — leg muscle attachment, 37 — convoluted tubule, 38 — midgut, 39 — frontal artery, 40 — pyloric valve, 41 —
colateral artery, 42 — glandular hepatic ceca, 43 — cephalic artery, 44 — heart, 45 — lateral cardiac artery, 46 — pericardial cavity.

Puc. 2. KopoHanbHble M300pa’keHUs], MOJYYECHHbIE MPH MOMOIIM MAarHUTHOTO PE30HAHCA, U COOTBETCTBYIOIIUE MIUTIOCTPALMH IO
0OBIUHEIM cpe3aM MeuexBocta Tachypleus tridentatus Ha pa3IMYHBIX YPOBHSX, yKa3aHHBIX Ha Puc. 1: (a) T2W-u300paxenue Ha ypoBHE 1;
(b) T2W-u3o6paxkenue (bl) u coorBercTBytomMii cpe3 (b2) Ha yposHe 2; (¢) T2W-u300paxenue Ha yposHe 3; (d) T2W-u3o00paxenue Ha
yposHe 4; (¢) T1W-n3o6paxenne (el), T2W-u3ob6pakenue (e2), 1 cooTBeTCTBYIOmUI cpe3 (e3) Ha yposHe 5; (f) T2W-n3o0paxenue Ha
yposHe 6; (g) T2W-u3o006paxenue (gl) u coorBeTcTBYOIMI cpe3 (g2) Ha ypoBHE 7.

O0o3HaueHus: 1 — medeHs U TKaHb ToHAJ, 2 — Xenuuepa (1-if mpuraTok IpocoMsl), 3 — meaunansna (2-if IpHIATOK IPOCOMBI), 4 —
XozHas Hora (3—5-if npuIaTku MpocoMsbl), 5 — IUIaBaTesibHas Hora (6-if IPUIATOK MPOCOMBI), 6 — XHIISIPUM, 7 — IOJIOBast KpPbIIIKaA, 8 —
JIerovHasl Kpelka, 9 — anyc, 10 — rtenbcon, 11 — MeIuoBeHTpaIbHOE OCHOBAHME JeTIpeccopa TeNbCOHA, 12 — IaTepOBEHTPATbHBII
JIenpeccop TesbCoHa, 13 — abaykrop TenbcoHa, 14 — 300, 15 — nporouepedpym, 16 — Tpuronepedpym, 17 — serounble KHWKKH, 18 —
nejoMuuecKkas aprepusi, 19 — narepaibHBIN JIeBHATOp TeabcoHa, 20 — mpsiMas Kumika, 21 — CpeIuHHBIN JIEBUATOP TeNbCOHA, 22 —
PEMOTOp W MPOMOTOP JIETOYHOW KpPBIMIKU, 23 — poT, 24 — naTepajbHblil TITIA3HOM HEPB, 25 — CPEAMHHBIN TINa3HOW HepB, 26 —
MYCKYJIBHBIH JKeTya0K, 27 — HUIeBoJ, 28 — MpoJoibHast MbIa, 29 — MbIIna TeabcoHa, 30 — mepenHss kpaesas aprepus, 31 —
3aHAs KMIIKa, 32 — 3aHUI Jlenpeccop BepTiyra, 33 — ¢uabennom, 34 — nepenuii aenpeccop BepTiyra, 35 — neBatop Bepmiyra, 36 —
KpEIUICHHEe MBIIIIBI HOTH, 37 — mHoJioBast TpyOka, 38 — cpennss xumka, 39 — ¢ponranbHas aprepust, 40 — kapananbHbIi K1anaH, 41 —
KoJutaTepalibHasi aprepusi, 42 — jKelle3eucTble BBIPOCTHI NeyeHu, 43 — rojoBHas aprepus, 44 — cepaue, 45 — OokoBasi cepieyHas
aprepusi, 46 — OKOJIOCepIeUHas IOJIOCTb.



