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SUMMARY: 26 
Here, protocols for performing microfocus X-ray computed tomography (microCT) imaging of 27 
three marine invertebrate animals are explained in detail. This study describes steps such as 28 
sample fixation, staining, mounting, scanning, image reconstruction, and data analyses. 29 
Suggestions on how the protocol can be adjusted for different samples are also provided. 30 
 31 
ABSTRACT: 32 
Traditionally, biologists have had to rely on destructive methods such as sectioning in order to 33 
investigate the internal structures of opaque organisms. Non-destructive microfocus X-ray 34 

computed tomography (microCT) imaging has become a powerful and emerging protocol in 35 
biology, due to technological advancements in sample staining methods and innovations in 36 
microCT hardware, processing computers, and data analysis software. However, this protocol is 37 
not commonly used, as it is in the medical and industrial fields. One of the reasons for this limited 38 
use is the lack of a simple and comprehensible manual that covers all of the necessary steps: 39 
sample collection, fixation, staining, mounting, scanning, and data analyses. Another reason is 40 
the vast diversity of metazoans, particularly marine invertebrates. Because of marine 41 
invertebrates’ diverse sizes, morphologies, and physiologies, it is crucial to adjust experimental 42 
conditions and hardware configurations at each step, depending on the sample. Here, microCT 43 
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imaging methods are explained in detail using three phylogenetically diverse marine 44 
invertebrates: Actinia equina (Anthozoa, Cnidaria), Harmothoe sp. (Polychaeta, Annelida), and 45 
Xenoturbella japonica (Xenoturbellida, Xenacoelomorpha). Suggestions on performing microCT 46 
imaging on various animals are also provided. 47 
 48 
INTRODUCTION: 49 
Biological researchers generally have had to make thin sections and perform observations by light 50 
or electron microscopy in order to investigate the internal structures of opaque organisms. 51 
However, these methods are destructive and problematic when applied to rare or valuable 52 
specimens. Furthermore, several steps in the method, such as embedding and sectioning, are 53 
time consuming, and it can take several days to observe a sample, depending on the protocol. 54 
Moreover, when handling numerous sections, there is always a possibility of damaging or losing 55 

some sections. Tissue-clearing techniques are available for some specimens1-5 but are not yet 56 
applicable for many animal species. 57 
 58 
To overcome these problems, some biologists have started using microfocus X-ray computed 59 
tomography (microCT) imaging6-15. In X-ray CT, the specimen is irradiated with X-rays from 60 
various angles that are generated from an X-ray source moving around the sample, and the 61 
transmitted X-rays are monitored by a detector that also moves around the sample. The X-ray 62 
transmission data obtained are analyzed to reconstruct cross-sectional images of the specimen. 63 
This method enables the observation of internal structures without destruction of the sample. 64 
Because of its safety and ease, it is commonly used in medical and dental applications, and CT 65 
systems can be found in hospitals and dental centers worldwide. Moreover, industrial X-ray CT is 66 

frequently used for observing non-medical samples for inspection and metrology in the industrial 67 
field. In contrast to medical CT, in which the X-ray source and the detectors are mobile, the two 68 
parts are fixed in industrial CT, with the sample rotating during scanning. Industrial CT generally 69 
produces higher resolution images than medical CT and is referred to as microCT (micrometer-70 
level resolution) or nanoCT (nanometer-level resolution). Recently, research using microCT has 71 
rapidly increased in various fields of biology14-34. 72 
 73 
Biological studies using CT initially targeted internal structures that mainly consist of hard tissue, 74 
such as bone. Advances in staining techniques using various chemical agents enabled the 75 
visualization of soft tissues in various organisms6-9,14-34. Of these reagents, iodine-based contrast 76 
agents are relatively safe, inexpensive, and can be used for the visualization of soft tissues in 77 

various organisms7,14. Concerning marine invertebrates, microCT has been widely used on such 78 
animals as molluscs6,25,32,33, annelids18-20,28, and arthoropods21,23,29,31. However, there have been 79 
few reports on other animal phyla, such as bryozoans6, xenacoelomorphs26, and cnidarians24,30. 80 
In general, there have been fewer studies using microCT on marine invertebrates than those on 81 
vertebrates. One major reason for this limited use on marine invertebrates is the vast diversity 82 
observed in these animals. Because of their diverse sizes, morphologies, and physiologies, each 83 
species reacts differently to different experimental procedures. Therefore, it is crucial during 84 
sample preparation to choose the most appropriate fixation and staining reagent, and to set 85 
conditions at each step, adjusted for each species. Similarly, it is also necessary to set the 86 



scanning configurations, such as the mounting method, voltage, current, mechanical magnifying 87 
rate, and the space resolution power, appropriately for each sample. To overcome this problem, 88 
a simple and comprehensible manual that covers all of the necessary steps, explains how each 89 
step can be adjusted depending on the specimen, and shows detailed examples from multiple 90 
samples is essential. 91 
 92 
In the present study, we describe the microCT imaging protocol step-by-step, from sample 93 
fixation to data analysis, using three marine invertebrate species. Specimens of the sea anemone 94 
Actinia equina (Anthozoa, Cnidaria) were collected near the Misaki Marine Biological Station, 95 
University of Tokyo. They had a spherical, soft body that was about 2 cm in diameter (Figure 1A-96 
C). Harmothoe sp. (Polychaeta, Annelida) samples were also collected near Misaki Marine 97 
Biological Station. They were slender worms that were about 1.5 cm in length, with tough 98 

chaetae present along the whole body (Fig. 1D). A Xenoturbella japonica35 (Xenoturbellida, 99 
Xenacoelomorpha) specimen was collected near Shimoda Marine Research Center, University of 100 
Tsukuba. It was a soft-bodied worm that was about 0.8 cm in length (Figure 1E). Adjustments 101 
made for the conditions and configurations of each sample are explained in detail. Our study 102 
provides several suggestions on how to perform microCT imaging on marine invertebrates, and 103 
we hope that it will inspire biologists to utilize this protocol for their research. 104 
 105 
PROTOCOL: 106 
 107 
1. Fixation 108 
 109 

1.1. For Actinia equina, relax the animals in 10% MgCl2 seawater for about 15 min at room 110 
temperature. Transfer to 70% ethanol and store at room temperature.  111 
 112 
1.2. For Harmothoe sp., anesthetize the animals by placing them in ice-cold seawater for about 113 
15 min. Transfer to 10% (v/v) formalin solution with seawater and store at room temperature.  114 
 115 
1.3. For Xenoturbella japonica, relax the animal using 7% MgCl2 in freshwater. Fix in 4% 116 
paraformaldehyde (PFA) in filtered seawater overnight. Place in 70% ethanol and store at 4 °C. 117 
 118 
CAUTION: PFA is hazardous and must be handled with care. 119 
 120 

2. Staining 121 
 122 
2.1. Transfer the samples to 50% ethanol and store at room temperature for 15 h. Replace the 123 
50% ethanol with 25% ethanol and store at room temperature for 2 h.  124 
 125 
NOTE: This is not necessary for the Harmothoe sp. sample in 10% (v/v) formalin solution with 126 
seawater. 127 
 128 



2.2. Replace the solution with distilled water (DW) and store the samples in DW at room 129 
temperature for 2 h. Repeat this step three times.  130 
 131 
2.3. Prepare 25% Lugol solution by diluting the stock solution (below) to 25% with DW. Stock 132 
solution (100% Lugol solution) contains 10 g of KI and 5 g of I2, adjusted to 100 mL with DW.  133 
 134 
NOTE: Lugol solution is light-sensitive, so store and handle the solution protected from light. 135 
Follow the regulations of each country and institution for iodine handling and waste disposal. 136 
 137 
2.4. Decant the DW from the samples and pour in the 25% Lugol solution. Stain for 24 h at room 138 
temperature.  139 
 140 

3. Stage Mounting 141 
 142 
3.1. Prepare 0.5% agarose by dissolving 500 mg agarose in 100 mL of DW in a 250 mL conical flask 143 
in a microwave (800 W, about 1–3 min). Cool to about 30–40 °C by keeping at room temperature. 144 
  145 
CAUTION: Do not overheat or completely seal the flask when heating to prevent the agarose from 146 
boiling over. 147 
 148 
3.2. Mount large (>2 cm) samples using a 50 mL tube. 149 
 150 
3.2.1. Place the stained sample in a 60-mm dish with DW to wash off excessive staining solution 151 

from the surface. 152 
 153 
3.2.2. Gently pour 5 mL of 0.5% agarose into a 50 mL tube and harden the agarose on ice. Be 154 
careful not to make bubbles in the agarose. 155 
 156 
3.2.3. Gently add 20 mL of 0.5% agarose to the 50-mL tube and place the specimen within the 157 
0.5% agarose using forceps. Be careful not to make bubbles in the agarose.  158 
 159 
3.2.4. Adjust the position and orientation of the sample with forceps and harden the agarose on 160 
ice. 161 
 162 

3.2.5. Place clay on the microCT mounting stage and set the 50 mL tube on the clay (Figure 2A). 163 
 164 
3.3. Mount small (<2 cm) samples using a 1000 µL micropipette ‘blue’ tip. 165 
 166 
3.3.1. Draw up 100 µL of 0.5% agarose into a 1000 µL micropipette ‘blue’ tip and harden the 167 
agarose on ice, making a plug in the tip (Figure 2B-a). 168 
 169 
3.3.2. Decant the stained sample into a 60 mm dish without using forceps.  170 
 171 



3.3.3. Gently transfer the sample using ring tweezers into another 60-mm dish with DW to wash 172 
off excessive staining solution from the surface. 173 
 174 
3.3.4. Add 1000 µL of either DW or 0.5% agarose into the plugged tip (step 3.3.1) using a 175 
micropipette.  176 
 177 
3.3.5. Gently transfer the sample from the 60-mm dish into the DW or agarose in the plugged tip 178 
using ring tweezers.  179 
 180 
3.3.6. Gently adjust the position and orientation of the sample with a petiolate needle or 181 
precision tweezers so that the sample is stable between the walls of the tip. Be careful not to 182 
make bubbles in the agarose. Harden the agarose on ice. 183 

 184 
3.3.7. Cut the tip off a new 1000 µL micropipette ‘blue’ tip (Figure 2B-b,c) and insert the tip of 185 
the plugged tip into the new tip. 186 
 187 
3.3.8. Place clay on the microCT mounting stage and set the tips with the sample inside on the 188 
clay (Figure 2C,D).  189 
 190 
NOTE: The staining solution will start to wash off the sample once it is placed in DW, so proceed 191 
to the next scanning step promptly. 192 
 193 
4. MicroCT scanning 194 

 195 
4.1. Turn on the X-ray beam at 80 kV, 100 µA. 196 
 197 
4.2. While observing the X-ray transmission image at the center of the screen (Figure 3A), move 198 
the stage so that the whole sample can be seen by clicking on the X and Z axis buttons (Figure 199 
3A). Set the contrast of the image so that the internal structures can be observed by adjusting 200 
the contrast conditions (Figure 3A: Image contrast). 201 
 202 
4.3. Adjust the orientation of the sample by changing the angle of the tube/tip in the clay (Figure 203 
2B). Rotate the stage 90° by setting the rotation axis (Figure 3A) to 90 and clicking on the relative 204 
movement button (Figure 3A). Perform the same maneuver four times to complete a full rotation.  205 

 206 
NOTE: Manually turn off the X-ray beam each time the sample door is opened, unless the system 207 
turns it off automatically. 208 
 209 
4.4. Move the stage so that the sample is at the center of the view by clicking on the Z axis button 210 
(Figure 3A) and by manually adjusting the Y axis knob on the mounting stage (Figure 3B). Turn 211 
the stage by 90° and do the same. Turn the stage 360° and check that the sample is at the center 212 
of the view from all directions.  213 
 214 



4.5. Move the stage along the x-axis toward the X-ray beam source by clicking on the X axis button 215 
(Figure 3A) to enlarge the sample so that it just fits in the view (Figure 3C).  216 
 217 
4.6. Turn the stage 360° and check that the sample fits within view from all directions. 218 
 219 
4.7. Adjust the scanning conditions as shown in Table 1. 220 
 221 
4.8. Start scanning; it takes about 10 min. 222 
 223 
5. Image reconstruction 224 
 225 
5.1. Start up the microCT system’s accessory software (see the Table of Materials) and open the 226 

scanned data.  227 
 228 
5.2. Adjust differences in the rotation axis of the sample during scanning by clicking on the 229 
automatic shift value calculation button (Figure 4A: green box). 230 
 231 
5.3. Adjust the orientation of the image by rotating the orange arrows (Figure 4B). If the 232 
orientation was changed, repeat step 5.2. 233 
 234 
5.4. Click on the area tab (Figure 4C: magenta box) and trim areas where samples are not present 235 
(Figure 4C: yellow box). 236 
 237 

5.5. Click on the reconfiguration tab (Figure 4D: magenta box) and set the filters as follows to 238 
remove noise. Ring artifact reduce filter: Median filter -3; Noise elimination filter: Average filter-239 
1. 240 
 241 
5.6. Perform reconfiguration by clicking on the reconfiguration button (Figure 4D: green box). 242 
 243 
5.7. Adjust image brightness and contrast by setting the black and white values as black value 0, 244 
white value 250 (Figure 4D: blue box). 245 
 246 
5.8. Save the reconstructed TIFF image dataset as an 8-bit TIFF by clicking on the save button. 247 
Rename TIFF files as following: Date_sample_resolution (µm)_number.tiff.  248 

 249 
NOTE: The original microCT datasets from this study are available in the Figshare repository, 250 
doi:10.6084/m9.figshare.767083736. 251 
 252 
6. Data analyses  253 
 254 
6.1. Start up the data analysis software (see the Table of Materials) and enable importing of TIFF 255 
files by clicking on the Database icon (Figure 5A: magenta box) and turning off the box shown in 256 
Figure 5B. 257 



 258 
6.2. Click on the import icon (Figure 5C: magenta box), select the dataset saved in section 5, and 259 
click open. 260 
 261 
6.3. Click on the copy links button (Figure 5D) to import the data. 262 
 263 
6.4. Display the 2D cross-section by clicking on the 2D viewer icon (Figure 5C: blue box).  264 
 265 
6.5. Calibrate the dataset by clicking on the 3D viewer tab (Figure 5E: magenta box) and entering 266 
the resolution value at scanning (which was 0.018 in this study [Figure 5F]).  267 
 268 
6.6. Click on the brightness/contrast icon (Figure 5E green box). Adjust the brightness and 269 

contrast by moving the cursor inside the displayed 2D image and changing the window level and 270 
window width (Figure 5G). 271 
 272 
6.7. Check other cross-section images by moving the scrollbar (Figure 5G: box). 273 
 274 
6.8. Change the orientation of the cross-section by clicking on the orientation icon (Figure 5E: 275 
blue box) and check images at all orientations (Figure 5H).  276 
 277 
6.9. Click on the export icon to store cross-section images to save.  278 
 279 
REPRESENTATIVE RESULTS: 280 

We performed microCT imaging on A. equina (Anthozoa, Cnidaria), Harmothoe sp. (Polychaeta, 281 
Annelida), and X. japonica (Xenoturbellida, Xenacoelomorpha) after staining the samples with 282 
25% Lugol solution. The staining successfully enhanced the contrast of the internal structures in 283 
all specimens, enabling observations of internal soft tissues (Figure 6). Together with past 284 
reports6,7,16,19,22-26,28,30-33, this shows that microCT can be used on various marine invertebrates 285 
for visualizing their morphology, including soft internal tissues. Clear images were obtained even 286 
with the X. japonica specimen, whose epidermis was badly damaged (Figure 6F,G), showing that 287 
this method is applicable to fragile specimens with external damage. 288 
 289 
Scanning only the region of interest, in contrast to a wider area, greatly increased the clarity and 290 
resolution of the image (compare Figure 6F and Figure 6G). However, a single high-resolution 291 

dataset of a whole specimen was reconstructed for Harmothoe sp. (Figure 6C) and X. japonica 292 
(Figure 6F) from multiple scans performed on different (but overlapping) parts of the specimen. 293 
The seams between each scan were inconspicuous in the reconstructed images. Our study shows 294 
that single high-resolution images can be obtained with cone-beam microCT systems. By 295 
scanning a larger area at high resolution, there is a smaller risk of overlooking small structures. 296 
Another advantage is that it is easier to locate the relative positions of structures that are situated 297 
far apart, such as the anterior and posterior tips of an elongated annelid.  298 
 299 
FIGURE AND TABLE LEGENDS:  300 



 301 
Figure 1: Marine invertebrate animals observed in this study. (A–C) Actinia equina (Anthozoa, 302 
Cnidaria). (A) Distal end of a live animal relaxed in 10% MgCl2 seawater. Distal (B) and proximal 303 
(C) ends after fixation in 70% ethanol. (D) Live anesthetized Harmothoe sp. (Polychaeta, Annelida), 304 
dorsal view with anterior to the left. Most of the elytra were already missing at this stage, with 305 
only four remaining near the posterior end. (E) Xenoturbella japonica (Xenoturbellida, 306 
Xenacoelomorpha) fixed in 70% ethanol. Right view, with anterior to the top. Because of 307 
circumstances at collection, its epidermis was starting to come off. Scale bars = 3 mm. 308 
 309 
Figure 2: Mounting samples on the microfocus X-ray computed tomography system. (A) 310 
Mounting samples in a 50 mL tube using clay. The orientation of the sample could be adjusted 311 
using the clay. (B) Preparation of a 1000 µL micropipette ‘blue’ tip for mounting small samples. 312 

a: Tip with its end plugged with 100 µL of 0.5% agarose (diagonal lines). The samples were placed 313 
in this tip. The tip with the sample was inserted into another 1000 µL micropipette ‘blue’ tip (b, 314 
c) for mounting. b was used for Xenoturbella japonica, and c was used for Harmothoe sp. (C) 315 
Mounted X. japonica sample, overview (left) and close up (right). X-ray source can be seen to the 316 
right of the sample. (D) Diagrams for mounting samples in a 1000 µL micropipette ‘blue’ tip. a: X. 317 
japonica sample in distilled water. b: the sample was in contact with the tip wall (arrows), so that 318 
it does not move while scanning. c: Harmothoe sp. sample in 0.5% agarose. 319 
 320 
Figure 3: Scanning samples on the microfocus X-ray computed tomography system. (A) 321 
Operating screen during scanning of the microfocus X-ray computed tomography system 322 
showing an X-ray transmission image of an Actinia equina specimen. Adjust the contrast and 323 

brightness with the ‘Image contrast’ at the lower left. (B) View of the mounting stage showing 324 
the Y axis knob. (C) X-ray transmission image of the A. equina specimen after the mounting stage 325 
was moved closer to the X-ray beam source. Notice it is enlarged when compared to the image 326 
at the center of (A). 327 
 328 
Figure 4: Operating screen of the image reconstruction system. (A) Screen for adjusting 329 
differences in the rotation axis of the sample during scanning, showing an Actinia equina 330 
specimen. Magenta box: shift tab; green box: automatic shift value calculation button. (B) Screen 331 
for adjusting the orientation of the image, with Harmothoe sp. shown. (C) Screen during the 332 
image reconstruction of A. equina, trimming the area outside the yellow box where no samples 333 
are present. Magenta box: area tab. (D) Screen during image reconstruction, showing the 334 

reconstructed image of A. equina. Magenta box: reconfiguration tab; green box: reconfiguration 335 
button; blue box: black and white value adjustment. 336 
 337 
Figure 5: Operating screen of the image analysis system. (A) Preference window. The Database 338 
icon (magenta circle) was clicked to open the database file management window. (B) Database 339 
file management window. In this software, the box shown with an arrow needs to be off to enable 340 
importing TIFF files. (C) Menu and tool bars of the Database screen. Magenta box = import icon; 341 
blue box = 2D viewer icon. (D) Dataset import window. Magenta circle = copy links button. (E) 342 
Menu and tool bars of the 2D viewer screen. Magenta box = 3D viewer tab; green box = 343 



brightness/contrast icon; blue box = orientation icon. (F) Calibration setting window. Enter the 344 
desired resolution values within the columns in the magenta box. (G) Cross-section of an Actinia 345 
equina specimen displayed in the 2D viewer window for adjusting brightness and contrast. 346 
Magenta box: scrollbar for checking other cross-sections. (H) Cross-section of A. equina displayed 347 
in the 2D viewer window with a different orientation to (G). 348 
 349 
Figure 6: Scanned and reconstructed images of marine invertebrates. (A) Transverse and (B) 350 
longitudinal sections of Actinia equina. The area inside the dotted yellow box in (B) is enlarged in 351 
the inset. Abbreviations: dm, pair of directive mesenteries; m, pair of perfect mesenteries; mf, 352 
mesenterial filament; p, pharynx; si, siphonoglyphs; t, tentacle; arrows, oral disc; white 353 
arrowheads, pedal disc; black arrowheads, sphincter muscle. Scale bars in A, B = 3 mm. (C–E) 354 
Harmothoe sp. (C) Sagittal section of the anterior part. (D, E) Transverse section at the dotted 355 

lines d and e in (C). Abbreviations: aci = aciculum; acim = acicular muscle; coe = coelom; dlm = 356 
dorsal longitudinal muscle; elp = elytrophore; eye = eye; int = intestine; jaw = jaw; mant = median 357 
antenna; mo = mouth; mp = muscles of proboscis; palp = palp; pha = pharynx; prob = proboscis; 358 
vlm = ventral longitudinal muscle; vnc = ventral nerve cord. Scale bars: C = 1 mm; D, E = 0.3 mm. 359 
(F, G) Xenoturbella japonica. (F) Sagittal section of the whole sample. (G) Sagittal section of the 360 
anterior part. bl = basal lamina; int = intestine; ml = muscle layer; mo = mouth; nn = 361 
intraepidermal nerve net; white arrow = statocyst; black arrow = frontal pore; white arrowheads 362 
= ventral glandular network; black arrowheads = oocytes. Scale bars: F = 1 mm, G = 0.5 mm. 363 
 364 
Table 1: Sample preparation and scanning protocol for each specimen. 365 
 366 

DISCUSSION: 367 
Fixatives using formalin, such as the 10% (v/v) formalin solution in seawater used in this study, 368 
are known to preserve the morphology of diverse marine invertebrates and are often used for 369 
microCT imaging18,24-26,28,30,33. However, restrictions on the use of this chemical have become 370 
strict in some countries in recent years, and substitutes such as paraformaldehyde or 371 
glutaraldehyde may be used. If there are plans to extract DNA after scanning, it is better to avoid 372 
using formalin as a fixative, because it is known to fragment DNA. In this case, the use of fixatives 373 
that preserve DNA, such as 70% ethanol, is recommended. In this study, the cnidarian A. equina 374 
was fixed using 70% ethanol, and clear microCT images were obtained from the 70% ethanol-375 
fixed samples (Figure 6A, B). 376 
 377 

In a previous study that performed microCT scanning of various cnidarian taxa, many samples 378 
were dehydrated in 100% ethanol, and some were critical-point-dried prior to scanning24. 379 
Although soft internal organs such as tentacle clusters, muscles, and gonads were successfully 380 
observed in their study, dehydration and drying processes are known to result in major artefacts 381 
such as the deformation and contraction of soft tissues11,21. In the present study, we were able 382 
to observe the internal structures of the cnidarian A. equina fixed in 70% ethanol and stained 383 
with 25% Lugol solution (Figure 6A,B). Our protocol, without any dehydration or drying steps, is 384 
preferable, and should be performed whenever possible to reduce the risk of damage to the 385 
specimens and artefacts during scanning. 386 



 387 
Lugol solution, iodine solution, and phosphotungstic acid (PTA) are staining solutions that are 388 
often used on biological samples in microCT imaging6,7,9,14,16,17,20,26,27,38. From our experience of 389 
using various biological samples, Lugol solution provided the best results for many samples, with 390 
dark staining in a relatively short amount of time. Iodine solution yielded only very weak stains, 391 
and PTA required a long time for sufficient staining and the stained specimens showed strong 392 
contractions. Therefore, all specimens were stained with Lugol solution in this study. However, 393 
although Lugol solution is recommended, the appropriate staining solution differs between 394 
specimens, and we suggest that trials using other staining solutions be performed if there are 395 
enough specimens. Irrespective of the staining solution, samples do contract during staining37,38, 396 
so it is important to keep the staining time short. 397 
 398 

A critical step in microCT scanning is to mount the sample so as to prevent it from moving. In this 399 
study, this was performed in two steps, first using agarose as the direct mounting medium, and 400 
then using clay to mount the tube that contained the sample to the stage. For the first step, 401 
various low-density mounting media have been used in previous studies, including 402 
ethanol6,17,20,25,30, agarose9,29, and floral foam15,22,31. Agarose was selected in this study as it is a 403 
low-cost chemical that is accessible worldwide. A disadvantage of agarose is that it may be 404 
difficult to retrieve the sample from the hardened agarose after scanning but using low-melting-405 
point agarose makes this retrieval step easier. For the second step, jaw clamps or screws are 406 
often used6,9,17. Clay was selected in this study as it enables fine adjustments in the orientation 407 
and angle of the sample. Caution is needed for experiments with long scanning times, as the 408 
possibility of the sample moving is higher when using clay rather than jaw clamps or screws. 409 

 410 
A previous study conducted microCT scanning on seven polychaete species with body lengths of 411 
2–8 mm, smaller than the Harmothoe sp. used in this study16. They were able to generate high-412 
resolution images, and showed organs such as vascular systems and individual chaeta clearer 413 
than in the present study. The main cause of this difference was not the protocol, but the 414 
specifications of the microCT systems used. The system used in the previous study was equipped 415 
with an 11-megapixel charge-coupled device camera (4000 x 2672 pixels) with a maximum 416 
resolution of <0.8 µm/pixel16. The active image matrix size of the system used in this study was 417 
992 x 992 pixels, with a maximum resolution of >5 µm/pixel. Therefore, the spatial resolution of 418 
the microCT system used in this study was inferior to the high performance microCT system used 419 
in Faulwetter et al.16. This difference was particularly noticeable when scanning specimens 420 

smaller than 8 mm, in which we experienced a lack of resolution (data not shown). However, 421 
because fewer data were obtained during scanning in this study, the scanning time was much 422 
shorter than in the previous study16 (data: 992 x 992 and 4000 x 2672 pixels, respectively; 423 
scanning time: 10 to 26 min and 30 min to several hours, respectively). A short scanning time 424 
reduces the discoloration of the iodine staining, allowing the use of Lugol solution, which is a 425 
good staining solution with a high penetration rate, but easily diffuses in DW34. A short scanning 426 
time also decreases the possibility of the sample moving during scanning, which enabled the use 427 
of a simple mounting method using agarose or DW (Figure 2). Longer scanning times also have 428 
the disadvantage of possible sample shrinkage blur in images. Several other mechanical and 429 



hardware problems that can occur during long scans have also been reported39. Therefore, when 430 
using microCT systems, it is important to accurately understand the specification of each system, 431 
and to choose the right system in terms of specimen size or research aim. In some cases, a 432 
microCT system with low resolution may be sufficient. 433 
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Table 1 : Details on sample preparation and scanning

Deposition Number

specimen
Deposited in Shimoda Marine 

Research Center, University of 

Tsukuba

Fixative        

and storage 

solution

Storage time 

before 

staining

 solution  Time
Mounting 

medium

Scanned 

parts

Voltage, 

current

Frame 

average

Frame 

rate

Rotation 

steps

Number of 

projections

Voxel size    

( µm )

Total scanning 

time (minutes)

Dataset size     

( GB )
Figure

Actinia equina

(Anthozoa, Cnidaria)
SMRC-Actinia1 70% ethanol whole body 18.0 10 0.68 6A, B

whole body 6.5 26 2.07 6C

anterior end 3.0 10 0.61 6D, E

whole body 4.2 18 1.45 6F

anterior end 2.8 10 0.80 6G

 PFA, paraformaldehyde; DW, distilled water; fps, frames per second

Xenoturbella japonica

(Xenoturbellida, 

Xenacoelomorpha) 

DW
4% PFA    

70% ethanol
SMRC-Xenoturbella1

Harmothoe  sp.

(Polychaeta, Annelida)
SMRC-Harmothoe1

Data 

10% 

formalin
Lugol

1 day
61 days 2 8 fps 0.18゜ 2000

80 kV  

100 µA

60 kV  

130 µA

0.5% 

agarose

Staining MicroCT ScanningFixation and Storage
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Name of Material/ Equipment Company Catalog Number Comments/Description

250-ml Erlenmeyer flask Corning CLS430183

5-ml  Sampling tube ST-500 BIO-BIK 103010

50-ml Polypropylene tube Greiner Bio One International 227261

60-mm Non-treated Dish IWAKI 1010-060

Agarose Promega V3125

Ecological grade tip (blue) 1000 µl BMBio BIO1000RF

Ethanol Wako Pure Chemical Industries 057-00451

Formalin Wako Pure Chemical Industries 061-00416

Iodine Wako Pure Chemical Industries 094-05421

Magnesium chloride hexahydrate Wako Pure Chemical Industries 135-00165

OsiriX DICOM Viewer Pixmeo SARL OsiriX MD v10.0 https://www.osirix-viewer.com

Paraformaldehyde Wako Pure Chemical Industries 163-25983

Petiolate needle AS ONE 2-013-01

Pipetman P200 Micropipette GILSON F123601

Pipetman P1000 Micropipette GILSON F123602

Potassium iodide Wako Pure Chemical Industries 166-03971

Precision tweezers 5 DUMONT 0302-5-PS

QuickRack MultI fit tip (yellow) 200 ul Sorenson 10660

Razor blades Feather FA-10

Ring tweezers NAPOX A-26

Stereoscopic microscope Leica MZ95

X-ray Micro-CT imaging system Comscantechno ScanXmate-E090S105
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authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board,

10. JoVE Discretion. lf the Author requests the assistance of
JoVE in producing the Video in the Author's facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. lf more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author's institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. lndemnification. The Author agrees to indemnify JoVE

and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney's fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney's fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Autho/s or the
Autho/s institution's facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by joVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's

ARTICLE AND VIDEO LICENSE AGREEMEN丁

expense. All indemnifications provided herein shall include
JoVE's attorney's fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE

must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a USS1,200 fee to
cover pre-production expenses incurred by JoVE. lf payment is

not received by the completion of filming, production and
publication of the Materials will be suspended until payment is

received.

13. Transfer. Governins Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an

original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as

delivery of an original signed copy of this Agreement.

A signed copy ofthis document must be sent with a‖ new submissions.Only one Agreement required per submission.
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Please track the changes within the manuscript to identify all of the edits. 

>> Since there were extensive number of edits, we have uploaded a manuscript file 

with the edits not marked. A version of the manuscript with the edits identified can 

be found at the end of this file. 

 

Editorial comments: 

Changes to be made by the author(s) regarding the manuscript: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure 

that there are no spelling or grammar issues. 

>> All authors have checked the manuscript, and the language has been checked by 

Editage language editing service provided by Cactus Communications 

(https://www.editage.jp).  

 

2. Please provide an email address for each author. 

>> Email addresses for all authors have been added. 

 

3. JoVE cannot publish manuscripts containing commercial language. This includes 

trademark symbols (™), registered symbols (®), and company names before an 

instrument or reagent. Please remove all commercial language from your manuscript 

and use generic terms instead. All commercial products should be sufficiently 

referenced in the Table of Materials and Reagents. You may use the generic term 

followed by “(see table of materials)” to draw the readers’ attention to specific 

commercial names. Examples of commercial sounding language in your manuscript 

are: ScanXmate-E090S105, Comscantechno Co., Ltd., Hamamatsu Photonics, Varex 

Imaging Corporation, Qiagen, Promega, OsiriX, Adobe Premiere, etc. 

>> All commercial language has been deleted and/or referred to in the Table of 

Materials and Reagents. 

 

4. Please revise the protocol to contain only action items that direct the reader to 

do something (e.g., “Do this,” “Ensure that,” etc.). The actions should be described 

in the imperative tense in complete sentences wherever possible. Avoid usage of 

phrases such as “could be,” “should be,” and “would be” throughout the Protocol. 

Any text that cannot be written in the imperative tense may be added as a “Note.” 

Please include all safety procedures and use of hoods, etc. However, notes should 

be used sparingly and actions should be described in the imperative tense wherever 

possible. Please move the discussion about the protocol to the Discussion. 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;Repliesandeditsmarked.docx

https://www.editorialmanager.com/jove/download.aspx?id=992086&guid=07547b20-5f38-4b35-9d65-59b7307f5dfe&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=992086&guid=07547b20-5f38-4b35-9d65-59b7307f5dfe&scheme=1


 

 

>> The protocol section has been revised accordingly. 

 

5. Lines 137-150: The Protocol should be made up almost entirely of discrete steps 

without large paragraphs of text between sections. Please simplify the Protocol so 

that individual steps contain only 2-3 actions per step and a maximum of 4 

sentences per step. Use sub-steps as necessary. Please move the discussion about 

the protocol to the Discussion. 

>>This part has been rewritten, with the discussion moved elsewhere. 

 

6. 2.4: Please specify what is stored at room temperature. 

>> We have revised the sentence (samples at stored at room temperature). 

 

7. 3.1.3.1, 3.2.2.1, 3.2.3.1: Please indicate the specific steps that are repeated here. 

>> The specific steps have been indicated. 

 

8. Lines 241-252: The Protocol should contain only action items that direct the 

reader to do something. Please move the discussion about the protocol to the 

Discussion. 

>> The paragraph has been moved to the Discussions. 

 

9. 4.1.1-4.1.4, 4.2.1-4.2.11: Software steps must be more explicitly explained ('click', 

'select', etc.). Please add more specific details (e.g. button clicks for software 

actions, numerical values for settings, etc.). 

>> Software steps are more explicitly explained with, more specific details added. 

 

10. Line 385: Please describe specific actions being performed in the imperative 

tense in complete sentences. 

>> The specific steps have been indicated. 

 

11. 5.5: Please specify the graded ethanol series used and describe how dehydration 

is done. 

>> The dehydration steps have been specified. 

 

12. Lines 401-404: Such experimental details should be included in a separate step. 

>> Based on comments from the reviewers, this step was deleted from the protocol 

section. 



 

 

 

13. Please combine some of the shorter Protocol steps so that individual steps 

contain 2-3 actions and maximum of 4 sentences per step. 

>>The Protocol section have been revised according to this comment. 

 

14. Please include single-line spaces between all paragraphs, headings, steps, etc. 

>> The manuscript has been revised accordingly. 

 

15. After you have made all the recommended changes to your protocol (listed 

above), please highlight 2.75 pages or less of the Protocol (including headings and 

spacing) that identifies the essential steps of the protocol for the video, i.e., the 

steps that should be visualized to tell the most cohesive story of the Protocol. 

>> Parts of the manuscript have been highlighted accordingly. 

 

16. Please highlight complete sentences (not parts of sentences). Please ensure 

that the highlighted part of the step includes at least one action that is written in 

imperative tense. 

>> Parts of the manuscript have been highlighted accordingly. 

 

17. Please include all relevant details that are required to perform the step in the 

highlighting. For example: If step 2.5 is highlighted for filming and the details of how 

to perform the step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the 

details are provided must be highlighted. 

>> Parts of the manuscript have been highlighted accordingly. 

 

18. Please number the figures in the sequence in which you refer to them in the 

manuscript text. Currently, Figure 10 is introduced in line 286, before Figures 4-9. 

>> This has been corrected. 

 

19. Figures 1 and 7-9, supplemental video: Please include a space between the 

number and the units of the scale bar. 

>> Number and units have been deleted from the figures. 

 

20. Figure 4(C-F): Please include a scale bar for the images. 

>> These images have been deleted. 

 



 

 

21. Table 1: Please include a space between all numbers and their corresponding 

units. 

>> Space has been inserted between the numbers and their corresponding units. 

 

22. What is the attached video for? If it is to be included in the manuscript, please 

describe in the figure legend and reference it in the manuscript. 

>> The video was deleted. 

 

23. Table of Equipment and Materials: Please use SI abbreviations for all units (L, 

mL, µL) and include a space between all numerical values and their corresponding 

units (15 mL, 37 °C, etc.). Please sort the items in alphabetical order according to 

the Name of Material/ Equipment. 

>> The Table of Equipment and Materials has been revised according to these 

comments. 

 

24. Discussion: As we are a methods journal, please also discuss critical steps within 

the protocol and any limitations of the technique. 

>> Discussions on the critical steps in the protocol (e.g. fixation, staining and 

mounting) have been added. 

 

25. References: Please do not abbreviate journal titles. 

>> The journal titles are now fully written. 

 

Reviewers' comments: 

Reviewer #1:  

Manuscript Summary: 

In general the MS is well written and brings new ideas of protocols for the 

microtomography of some species of marine invertebrates. 

Major Concerns: 

Video: 

The video is interesting and very well elaborated, shows in detail some important 

structures for the taxonomy of Polychaeta (Harmothoe sp). However, I really missed 

the other species. Why not include A. equina and X. japonica in the same video? In 

addition, the knowledge about Polychaeta using Micro-CT has already been widely 

discussed in many papers (some cited by the authors), while Cnidaria and 

Xenacoelomorpha not. 



 

 

>> The video was deleted based on the comments of others. 

 

Figures: 

I suggest a standardization of the plates/figures. Note that in Figure 6 and 10, for 

example, there are no values above the scale bars while in the Figure 7 and 9 they 

were placed. I think that putting the values on the plates can generate a 'visual 

pollution', so I prefer to put this information in the legend of the figures. 

>> Values above the scale bars have been deleted from these figures. 

 

About the legend of the figures some of them are very large, perhaps it would be 

interesting to remove all the abbreviations and put them in a separated table. In 

addition, if this is not done, please insert the word 'Abbreviations' before them. 

>> As most of the abbreviations are not used in multiple figures, we think it would be 

easier for the reader to find the abbreviation explanation in the legends rather than a 

separate table. Therefore, we have inserted the word 'Abbreviations' in the legends. 

 

Specimens: 

These specimens are deposited in a museum? I was not able to find the voucher 

numbers of these specimens in the text. If not, I strongly suggest that they be, since 

other researchers might want to access them, right? 

>> The voucher numbers of these specimens were added to Table 1.  

 

If possible, to insert in Table 1 the amount of time (days, hours) that the specimens 

were stored before the image acquisition. 

>> The storage time of these specimens were added to Table 1.  

 

Datasets' storage: 

Where will be deposited all the micro-CT datasets?. The datasets should be 

available to all researchers for future reanalyzes of these species. It might be 

interesting to put all these datasets in the Harvard Dataverse, a free and online 

repository. 

>> The datasets were deposited in the figshare repository, doi: 

10.6084/m9.figshare.7670837 and will be made public after the publication of this 

manuscript. 

 

Missing references: 



 

 

I missed some important references on the use of Micro-CT for the study of marine 

invertebrates. I suggest that the references listed below should also be considered 

by the authors. 

Ziegler A, Menze BH. 2013. Accelerated acquisition, visualization, and analysis of 

zoo-anatomical data. In: Zander J, Mosterman PJ, eds. Computation for humanity. 

Information technology to advance society. Boca Raton: CRC Press, 233-260. 

Faulwetter S, Dailianis T, Vasileiadou K, Kouratoras M, Arvanitidis C. 2014. Can 

micro-CT become an essential tool for the 21st century taxonomist? An evaluation 

using marine polychaetes. Microscopy and Analysis 28: S9-S11. 

Machado FM, Passos FD, Giribet G. 2018. The use of micro-computed tomography 

as a minimally invasive tool for anatomical study of bivalves (Mollusca: Bivalvia). 

Zoological Journal of the Linnean Society, 

https://doi.org/10.1093/zoolinnean/zly054. 

>> We have inserted the above references to appropriate sentences. 

 

Minor Concerns: 

Contrast solution: 

Why did the authors only use Lugol? Just for curiosity, I wonder why not PTA or 

Iodine?. 

>> We added a paragraph in the discussion explaining the use of Lugol. 

 

Table: 

The Table 1 could be a bit more 'clean'. Maybe removing some borders/lines. 

>> Some borders/lines were removed from Table 1. 

 

Reviewer #2: 

Manuscript Summary: 

Well done on a nice paper, and especially the figure 7 is very good microCT 

visualizations. I enjoyed reading the paper and have some comments which will help 

improve it. The same must be done for the short abstract. 

>> The short abstract has been rewritten according to the revised manuscript. 

 

As a suggestion the following references might also be relevant as recent cases of 

microCT of marine invertebrates: 

Landschoff, J., Komai, T., du Plessis, A., Gouws, G. and Griffiths, C.L., 2018. MicroCT 

imaging applied to description of a new species of Pagurus Fabricius, 1775 

https://doi.org/10.1093/zoolinnean/zly054


 

 

(Crustacea: Decapoda: Anomura: Paguridae), with selection of three-dimensional 

type data. PloS one, 13(9), p.e0203107. 

Landschoff, J., Du Plessis, A. and Griffiths, C.L., 2018. A micro X-ray computed 

tomography dataset of South African hermit crabs (Crustacea: Decapoda: Anomura: 

Paguroidea) containing scans of two rare specimens and three recently described 

species. GigaScience, 7(4), p.giy022. 

Landschoff, J., Plessis, A. and Griffiths, C.L., 2015. A dataset describing brooding in 

three species of South African brittle stars, comprising seven high-resolution, micro 

X-ray computed tomography scans. GigaScience, 4(1), p.52. 

>> We have inserted the above references to appropriate sentences. 

 

Major Concerns: 

1. Title: removing the word "system" is suggested, as the focus here is on a 

scanning protocol, not a system description. Not much image analysis is done so 

consider removing the words "image analysis", a shorter title will also read better 

>> "system" and "image analysis" have been deleted from the title. 

 

2. use of agarose. This is new to me and is a clever way of loading samples. I 

suggest to explain some more or give at least some introduction to it, and suggest 

alternative ways. Usually in our lab we use florist oasis and other low density 

mounting materials that can be shaped by hand, for example. Disadvantages of 

agarose should therefore also be mentioned, eg. if scan times are longer, you might 

not get the sample out nondestructively? 

>> Agarose has been used in previous studies, so only a brief introduction is added. 

Alternative ways and disadvantages of agarose have been mentioned. 

 

3. Use of clay as mounting material to stage. This is quite new to me also as we use 

jaw-clamps, fixed using screws. Using clay might have some disadvantages, such as 

sample movement during scanning if the clay does not hold the tube rigidly, this 

becomes excessively important as the resolution increases and scan time increases. 

It might be worth to mention this and to implement this yourself 

Use of clay has been described in the discussions. 

 

4. "Fluoroscopic image" must be reworded everywhere in the text and the figure - it 

is a digital X-ray image, also known as X-ray projection image, or 2D X-ray image. 

Fluoroscopic refers to fluorescence which is not what we are looking at. 



 

 

>> Fluoroscopic image was changed to X-ray projection image. 

 

5. Step 3.2.1.3 The adjustment of the sample must take place with X-ray switched 

off for safety. This is obvious but important to note in a protocol paper 

>> Turning off the X-ray has been added as a NOTE. 

 

6. scan times are quite short, which in this case helps to get higher quality images 

due to some sample shrinkage. It might be worth noting that longer scan times allow 

higher quality but with the disadvantage of possible sample shrinkage blur in images. 

Typical microCT scan times are in the region of 1 hr in my experience 

>> Discussion on scan time has been expanded. 

 

7. There is no reason to refer to "low cost" CT machine, consider to remove this 

>> "low cost" have been removed. 

 

Minor Concerns: 

Nothing further 

 

Reviewer #3: 

Authors present protocols for performing microfocus X-ray computed tomography 

systems (microCT) imaging on three different marine invertebrates. The subject 

presented here is within the scope of JoVE. In terms of the scientific contents of 

the work, I found that the exposition in the Introduction of the background as well as 

the methodology (protocols) used/proposed and bibliography used are appropriate. In 

terms of the presentation of the manuscript, the paper is well-written and all the 

figures is of good quality and necessary for the understanding of the text. The video 

of the Harmothoe polychaete is of high quality and very didactic. The main elements 

of the internal anatomy are well shown. Totally agree with authors that fail in DNA 

extraction was not because of mCT scanning, but because of the use of formalin in 

fixation process. 

Minor concern: 

The authors discuss on the processes of contraction of the body tissues and, as a 

consequence, the distortion of the organs both in their form and in their position in 

the body of the animal. One aspect that perhaps the authors could also add in 

relation to this, is the possibility of the creation of artifacts due to a long period of 



 

 

conservation of the animals, as is the case of the museum collections specimens 

(e.g. type series) and, as a consequence, in a misinterpretation of internal structures. 

My conclusion is that the work has substance enough to be published in JoVE. 

>> The storage time of the specimens were added to Table 1.  

 

Reviewer #4:  

Manuscript Summary: 

The authors claims to present effective new detailed method to obtain good results 

in micro-CT use by solving the lack of publish paper on this field. 

In fact they give exhaustive description of their methods that did not solve the 

problem of shrinkage (as they admit), and moreover as they use agarose the 

recognized the ulterior problem to clean up this from the specimens. The way in 

which the paper is presented did not five a real solution to the problems that 

authors pretend to. The paper should have been presented as another micro-CT 

study of the anatomy of invertebrate specimens, describing the methodology that 

they used and discussing the advantages and disadvantages of what has been 

already used. So in summary the manuscript needs of a "major" revision rewriting it. 

>> We are not trying to solve the problem of shrinkage or agarose cleanup, and do 

not claim that we have done so. We apologize if our manuscript was unclear, and 

have revised some sentences that may have been misleading. Furthermore, to meet 

the aims of the journal, the manuscript was revised to be more focused on 

methodology. 

 

Reviewer #5: 

Manuscript Summary: 

I have now gone through the manuscript draft "Microfocus X-ray computed 

tomography system (microCT) imaging and image analysis of marine invertebrates". 

The study is a welcome contribution to the CT scanning of marine invertebrates. 

The authors provide a detailed protocol on sample preparation and the scanning of 

the specimens. The mounting of specimens in agarose gel is interesting. The authors 

also use three different microCT methods, which will be interesting to read by 

newcomers to this field of research. However, I have a number of points of critique 

about the manuscript 

Major Concerns: 

General comments on the study and its design. The authors claim to have chosen 

specimens of different size with a range of 0.8-2.0cm. I would argue that all these 



 

 

specimens are in a similar size class (even if the scanned objects of interest, i.e. the 

field of view in the final scan does not need to be). Furthermore, the chosen 

samples, an anemone, a polychaete, and a flat worm are (although phylogenetically 

distant) not strategically selected from the vast diversity of marine tissues to be 

scanned. For example, one could expect that the soft-bodied anemone and flat 

worm samples are similar in scanning properties. The authors do not particularly 

state why they chose any of these specimens and why these are exactly valuable to 

the protocol of microCT. Do these animals belong to groups in which microCT 

scanning could help the most? If so, for which field of research? It therefore seems 

that the authors did not design this paper as a study to demonstrate the protocol. If 

so, this does not have to be a problem and is in line with the Journal objectives, but 

then the title and presentation of the study are misleading. Also, the animal groups 

chosen are not necessarily exclusively marine. I would suggest to narrow the scope 

down, pinpointing that this study describes a protocol for the organisms scanned. 

>>We have revised the title to refer to the three specific animals used in the study, 

and have revised the sentences that may have been misleading. 

 

Furthermore, in my view the main limitation and the reason why not more working 

groups are performing microCT scanning in biology is not the unavailability of 

scanning facilities or knowledge on how to scan. The problem is rather the time 

consuming, costly, and very often very difficult segmentation of biological tissues in 

the reconstructed images. This manuscript claims to present imaging and image 

analysis, yet falls entirely short on the software analysis part. It is not clear to the 

reader what the authors did to retrieve the images. The biological observations are 

nicely presented and illustrated, but the biological findings are rather side-results 

and not really in line with the scope of the journal. If important enough then the 

biological findings should be presented in a separate biological paper, not into a 

paper that focusses on the methods. 

>> We have clarified the image retrieval part, and deleted most of the biological 

observations. 

 

In conclusion, a step-by-step microCT protocol for any groups of marine 

invertebrates is very welcome. The authors should, however, be encouraged to state 

the aim of the paper and stay within these goals and within the scope of the journal. 

In particular, this should include the protocol steps for the most difficult part for the 



 

 

analysis of biological CT data, which is the segmentation of the different tissues in 

the visualization software. 

>> We have clarified the image retrieval part, and deleted most of the biological 

observations. Describing the segmentation of the different tissues (which is quite 

complicated and deserves a different paper itself) is not the central aim of the 

manuscript, and since it requires steps specific to each visualization software, it has 

not been added. 

 

Minor Concerns: 

I am not native English speaking myself, but in general the manuscript would benefit 

from editing the grammar and language, which can be quickly resolved by a native 

speaker or edit and proof-reading service. 

>> The grammar and language of the manuscript was reviewed by Editage language 

editing service provided by Cactus Communications (https://www.editage.jp). 

 

In line 80 the authors make a rather absolute statement that the problem of soft-

tissue visualizations in microCT "was solved". I would argue that this problem will 

never be entirely solved. While it is probably possible to get good image contrast 

using microCT on many tissues, it will not be entirely possible for all of them, 

particularly not at the same time. Various staining techniques may also damage the 

sample, taking away one of the benefits of this otherwise non-destructive technique. 

This has been discussed in the literature, and in fact mentioned in this paper. In 

conclusion, I would simply weaken this statement. 

>> The statement was weakened. 

 

Line 406. There is no protocol given for the data analysis. 

>> Protocols for data analysis has been added.  

 

Line 459. The authors say here that intense signals disappeared after storage. It is 

unclear how the specimens were examined before? Were they scanned twice, once 

before and once after staining? 

>> The sample was scanned twice, once before and once after 22 days storage at 

room temperature. We apologize if our manuscript was unclear, and have revised 

some sentences that may have been misleading. 

 

Reviewer #6: 



 

 

Manuscript Summary: 

The article by Maeno et al. provides a welcome addition to the rapidly growing field 

of contrast-enhanced µCT imaging. Of particular interest is the fact that the authors 

introduce a number of practical tips based on their own experience that will provide 

future researchers with further ideas on how to handle their specimens. However, 

the manuscript suffers at present from a number of issues that require thorough 

attention and review. I therefore would like to recommend this article for publication 

provided that a MAJOR REVISION is undertaken. I would be happy to review a 

revised version of this manuscript. 

Major Concerns: 

I will here highlight a number of broad, but important topics that each will require a 

considerable amount of attention, time, and work - but, I believe that the article is 

bound to profit considerably from these requested changes. 

- Language: the entire manuscript needs to be thoroughly checked for spelling and 

grammatical errors. Furthermore, the text would significantly profit from a review 

that includes a native/good English speaker with a background in this type of 

analysis (e.g. Dr Metscher).  

>> The grammar and language of the manuscript was reviewed by Editage language 

editing service provided by Cactus Communications (https://www.editage.jp). 

 

At present, the text mixes several important topics without providing a clear 

guideline. This issue can presumably only be resolved by a full review of the 

structure of the entire text (with respect to its logic) or by removing several points 

that at present are only partially touched by the authors. In fact, the authors could 

consider stripping the text almost entirely down to its practical core, i.e. the 

protocols provided in the "Protocol" section. This is clearly the strong point of the 

present contribution. 

>> We have revised the manuscript so that it is more focused on methods.  

 

- Manuscript format: at present, the article is a mix of Comment and Methods paper. 

With respect to my previous point, I would suggest rethinking the structure of the 

manuscript. What kind of article would you like to read yourselves and what type of 

article is presently missing in the literature (see below)? 

>> Since JoVE is a protocol-centered journal, we have revised the manuscript so 

that it is more focused on methods. 

 



 

 

- Data transparency: one of the main advantages of the application of a non-

invasive imaging technique is that the raw as well as most derived image data are 

available in digital form and hence are suitable for deposition in online data 

repositories. This approach is standard in the molecular domain and increases data 

transparency, but also facilitates knowledge gain through reuse of data (i.e. data 

mining). Therefore, I would request that the authors upload their entire digital data to 

such a repository (e.g. Dryad, Morphobank, GigaScience, etc.). 

>> The datasets were deposited in the figshare repository, doi: 

10.6084/m9.figshare.7670837 and will be made public after the publication of this 

manuscript. 

 

- Specimens: the chosen species are not at all representative of the structural 

diversity that marine invertebrate organisms display on the whole. In fact, organisms 

like Xenoturbella and Actinia are highly similar with regard to their internal 

composition in terms of the technique employed. Why not scan a crustacean 

(chitinous exoskeleton plus soft parts), an echinoderm (calcareous endoskeleton plus 

soft parts), a cephalopod (external or internal shell plus soft parts), etc. as well? If 

this is not within the scope of the study, I would suggest to tone down some of the 

statements made in the Title, Abstract, Introduction, and Discussion ("...of marine 

invertebrates"). 

>> We have revised the manuscript, including the title, to tone down some of the 

statements. 

 

- Harmothoe sp.: please identify this species 

>> As the sample was damaged during handling, it is impossible to definitely identify 

the species, between H. glomerosa, imbricata, praeclara, sexdentata, or spinifera. As 

the main aim of the manuscript is methodology, we hope that identification to the 

genus level is satisfactory. 

 

- Xenoturbella: the actual description of the species X. japonica was published in a 

Corrigendum by Nakano et al. (2018). This paper should be cited instead of the 2017 

article. 

>> We have added Nakano et al. (2018) to the references, but since the microCT 

images are reported in Nakano et al. (2017) and not (2018), Nakano et al. (2017) is 

still retained in the references. 

 



 

 

- Specimen fixation: fixation of a soft-bodied organism like Actinia in 70% ethanol 

(even after MgCl treatment) is a pretty rough step. Why was this specimen not fixed 

in formalin buffered in sea water? Please provide some more information and 

discussion about your choice of protocol. 

>> We have added a new paragraph discussing the fixation step and our preference 

of 70 % EtOH. 

 

- Chosen contrast agent: 25% Lugol's solution is a very high concentration of iodine. 

This metal has been shown to lead to strong shrinkage artifacts under high 

concentrations - some of the artifacts observed in your scans might be related to 

this. Please see the following article and papers cited therein for more information: 

Hedrick BP, Yohe L, Vander Linden A, Dávalos LM, Sears K, Sadier A, Rossiter SJ, 

Davies KTJ, Dumont E (2018) Assessing soft-tissue shrinkage estimates in museum 

specimens imaged with diffusible iodine-based contrast-enhanced computed 

tomography (diceCT). Microscopy and Microanalysis. In my personal experience, PTA 

(phosphotungstic acid) has several advantages: no (or very little) shrinkage, no 

overstaining possible, excellent contrast - but longer staining times. Please provide a 

discussion of potential contrast agents and why iodine was chosen here. 

>> We have added a new paragraph discussing the staining step and our preference 

of Lugol. 

 

- Figures: the figure design at present is very "nervous" - there are dozens of 

single images in total and it is very difficult for the reader to follow a consistent 

track. Please reconsider the entire figure design and try to reduce the number of 

figure plates as well as individual images. 

>> The number of figure plates and individual images were reduced. 

 

- Techniques: some of the techniques used are several years old now and have been 

shown elsewhere already, e.g. specimen setup (Fig. 2), batch scanning (Fig. 4), scout 

scanning (Fig. 5), etc. Please take a look at the literature listed below to see where 

your approach provides novel clues. In my opinion, some of the steps mentioned in 

the Protocols section should be mentioned in greater detail and should also be 

figured instead of some of the very conventional steps shown at present in your 

figures. (Pinpoint is conventionally called ROI scanning = region of interest scanning; 

multi-step is conventionally called batch scanning). 



 

 

>> We have rewritten the protocols and revised the figures and deleted detailed 

explanations on some very conventional steps. Furthermore, we have reworded the 

method names as suggested. 

 

- Equipment: as noted in the text, the system used by your team is not a scanning 

system of the latest generation. While this is absolutely OK, you should try to 

remove all system-specific, crucial information from your text as future users will 

very likely not have access to your particular system. Examples are in particular the 

specific terminology used to describe software features as well as figures showing 

screenshots from your software. You are addressing an international audience where 

90% of the readers will use software in English instead of Japanese. 

>>Since the editorial comments required that software steps must be explicitly 

explained ('click', 'select', etc.) and that more specific details are needed (e.g. button 

clicks for software actions, numerical values for settings, etc.), we believe the 

figures showing screenshots from our software is necessary. We are aware that the 

words in the screenshot are Japanese, and have translated them in the figures and 

manuscript, hoping that it will be useful for readers using a different but similar 

software. Unfortunately, due to software limitations, the words in screen could not 

be changed to English.  

 

- Tables: the materials table is incomplete (Comments/Description) and not very 

informative. Instead of providing catalog numbers that may change rapidly, overall 

pricing might be more interesting for the user.  

>> Since the catalog number is required by the journal, we have left them in the 

materials table. On the other hand, since prices vary depending on the country (and 

change rapidly), we do not think it is very informative and have not added them to 

the table. 

 

Table 1 also needs to be improved and restructured as well as checked for spelling 

mistakes. 

>> Table 1 has been revised and checked for grammar and spelling by Editage 

language editing service provided by Cactus Communications 

(https://www.editage.jp). 

 



 

 

- Video: I do not understand the purpose of the video file. Will this video be 

integrated into the final JoVE video? If not, please remove or deposit this video in an 

online repository (see above). 

>> The video file has been deleted. 

 

- The authors need to read and cite this important paper, as it is - to my knowledge 

- the first and only true "µCT plus staining" protocol: Metscher BD (2011) X-ray 

microtomographic imaging of intact vertebrate embryos. Cold Spring Harbor 

Protocols 12: 1462-1471. This article might also help you to restructure and more 

precisely focus your text. 

- Further techniques: if the authors decide to provide a broader text that not only 

focuses on their specific protocol(s), but on µCT + staining on the whole, then they 

should integrate further techniques that provide soft part contrast as well, e.g. phase 

contrast µCT, SRµCT, OPT, LSM, or MRI (Ziegler A, Kunth M, Mueller S, Bock C, 

Pohmann R, et al. (2011) Application of magnetic resonance imaging in zoology. 

Zoomorphology 130: 227-254) 

- Literature: the authors clearly need to have a much broader overview of the 

pertinent literature. Many of the points raised in the present contribution have 

already been worked on or even have been solved. Here are some examples: 

>> We thank reviewer #6 for suggestions on further references and we have added 

some of them to our manuscript. But since the aim of our manuscript is to provide 

specific protocol(s) of our methods and not a broader review-like text to the 

readers, not all of the literature has been added. 
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 44 

SHORT ABSTRACT: (10 words minimum, 50 words maximum)  45 

 46 

Here, protocols for performing microfocus X-ray computed tomography systems 47 

(microCT) imaging onof three marine invertebrate animals are explained in detail. This 48 

study describes steps such as sample fixation, staining, mounting, scanning, image 49 

reconstruction, specimen retrieval, and data analyses. IdeasSuggestions on how the 50 

protocol can be adjusted to each sample isfor different samples are also provided. 51 

 52 

 53 

LONG ABSTRACT: (150 words minimum, 300 words maximum) 54 

 55 

Traditionally, biologists have had to rely on destructive methods such as sectioning in 56 

order to investigate the internal structures of opaque organisms. But recently, 57 

nonNon-destructive microfocus X-ray computed tomography (microCT) imaging has 58 

become a powerful and emerging protocol in biology, due to the technological 59 

advancements in sample staining methods and innovations in microCT hardware, 60 

processing computers, and data analyzinganalysis software. However, this protocol is 61 

still limited to a number of research groups, and not commonly used, as it is in the 62 

medical and industrial fields. Even in biological facilities that possess this high-63 

performance system, instances in which experienced users with accurate knowledge of 64 

its advantages and disadvantages operate the system to its maximum extent are 65 

uncommon. One of the reasons for this limited use in the field is the lack of a simple 66 

and comprehensible manual coveringthat covers all of the necessary steps: sample 67 

collection, fixation, staining, observationsmounting, scanning, and data analyses, and 68 

sample retrieval.. Another reason is the vast diversity observed inof metazoans, 69 

especially inparticularly marine invertebrates. Due to theBecause of marine 70 

invertebrates’ diverse size, morphologysizes, morphologies, and 71 

physiologyphysiologies, it is crucial to adjust experimental conditions and hardware 72 
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configurations at each step, depending on the sample. Here, three microCT imaging 73 

methods are explained in detail using three phylogenetically diverse marine 74 

invertebrates: ActinaActinia equina (Anthozoa, Cnidaria), Harmothoe sp. (Polychaeta, 75 

Annelida), and Xenoturbella japonica (Xenoturbellida, Xenacoelomorpha). 76 

IdeasSuggestions on performing microCT imaging on various animals are also 77 

suggestedprovided. 78 

 79 

 80 

INTRODUCTION 81 

 82 

Biological researchers generally have had to make thin sections and perform 83 

observations by light or electron microscopy in order to investigate the internal 84 

structures of opaque organisms. ButHowever, these methods are destructive, and 85 

problematic when applied to apply on rare or valuable specimens. Furthermore, 86 

several steps in the method, such as embedding and sectioning is, are time consuming, 87 

takingand it can take several days to observe a sample, depending on the protocol. 88 

Moreover, due to thewhen handling of numerous sections, thethere is always a 89 

possibility of damaging or losing some sections were always present.. Tissue -clearing 90 

techniques are available for some specimens1-5, but are not yet applicable tofor many 91 

animal species. 92 

 93 

To overcome these problems, some biologists have started using microfocus 94 

X-ray computed tomography systems (microCT) imaging6-1315. In general X-ray 95 

computed tomography (CT),, the specimen is irradiated with X-rays from various 96 

angles that are generated from an X-ray source moving around the sample, and the 97 

transmitted X-ray israys are monitored by a detector that also moves around the 98 

sample. The obtained X-ray transmission data isobtained are analyzed to reconstruct 99 

cross-sectional images of the specimen. This method enables the observation of 100 

internal structures without destruction of the sample. Due toBecause of its safety and 101 

ease, it is commonly used in medical and dental applications, and CT systems can be 102 

found in hospitals and dentistsdental centers worldwide. Moreover, industrial X-ray 103 

computed tomography (industrial CT) is frequently used for observing non-medical 104 

samples for inspection and metrology in the industrial field. In contrast to medical CT, 105 

in which the X-ray source and the detectors are mobile, the two parts are fixed in 106 

industrial CT, with the sample rotating during scanning. Industrial CT generally 107 

produces higher resolution images than medical CT and is referred to as microCT (in 108 
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the case of micrometer -level resolution) or nanoCT (nanometer -level resolution). 109 

Recently, research using microCT ishas rapidly increasingincreased in various fields of 110 

biology12-22biology14-34. 111 

 112 

Biological studies using CT initially targeted internal structures consistingthat 113 

mainly consist of hard tissuestissue, such as bone. Soft tissues were difficult to 114 

visualize with CT since X-rays easily penetrate these structures. This problem was 115 

solved with advancesAdvances in staining techniques using various chemical agents, 116 

and enabled the visualization of soft tissues have been visualized in various animals6-117 
8,12 and plants21,23organisms6-9,14-34. Of these reagents, iodine-based contrast agents are 118 

relatively safe, inexpensive, and can be applied to the visualization of soft tissues in 119 

various organisms. CT using these agents, referred to as diceCTused for diffusible 120 

iodine-based contrast-enhanced CT, is today the most popular method for visualizing 121 

soft tissue structures in the field of biology12.the visualization of soft tissues in various 122 

organisms7,14. Concerning marine invertebrates, microCT has been widely used on such 123 

animals as cnidarians18, arthropods24, molluscs6,19, bryozoans6, and annelids14,16,25.,32,33, 124 

annelids18-20,28, and arthoropods21,23,29,31. However, there have been few reports of on 125 

other animal phyla, such as bryozoans6, xenacoelomorphs26, and cnidarians24,30. In 126 

general, there have been fewer studies using microCT on marine invertebrates are 127 

considerably less than those ofon vertebrates, and is limited to a number of research 128 

institutions. One major reason for this limited use on marine invertebrates is the vast 129 

diversity observed in these animals. Due to theBecause of their diverse size, 130 

morphologysizes, morphologies, and physiologyphysiologies, each species reacts 131 

differently to variousdifferent experimental procedures, such as the rate of 132 

contractions during fixation and the efficiency of staining. Therefore, it is crucial during 133 

sample preparation to choose the most appropriate fixation and staining reagent, and 134 

to set conditions (e.g. staining time and temperature) at each step, adjusted tofor each 135 

species. Similarly, it is also necessary to set the scanning configurations, such as the 136 

mounting method, voltage, current, mechanical magnifying rate, and the space 137 

resolution power, suitable for each sample to maximize the potentials of each microCT 138 

systems. These variable conditions and configurations enable the visualization of 139 

various biological samples, but on the other hand, this flexibility in the protocol may 140 

seem complicated to inexperienced users and could become a major barrier for 141 

researchers who wish to start using microCT. Even in facilities with this high-142 

performance system, it is rarely operated to its maximum extent, and instances in 143 

which experienced users are accurately grasping its advantages and disadvantages are 144 



 

 

scarce. Hence, to overcome this problem, a simple and comprehensible manual is 145 

essential,appropriately for each sample. To overcome this problem, a simple and 146 

comprehensible manual that covers all of the necessary steps, explains how each step 147 

can be adjusted depending on the specimen, and shows detailed examples from 148 

multiple samples is essential. 149 

We have previously reported a new species of Xenoturbella from the western 150 

Pacific20, and microCT imaging played a crucial role in its description, especially in the 151 

discovery of a new organ, the frontal pore. We have performed microCT imaging on 152 

several other marine invertebrate species since.  153 

In the present study, we describe the microCT imaging protocol step -by -step, 154 

from sample collection, fixation, preparation, scanning,  to data analyses, to sample 155 

retrieval. Three samples with different size, morphology, physiology, and conditions 156 

are used in this study to show the versatility of the method. The using three marine 157 

invertebrate species. Specimens of the sea anemone specimen, ActinaActinia equina 158 

(Anthozoa, Cnidaria),) were collected near the Misaki Marine Biological Station, 159 

University of Tokyo. They had a spherical, soft body that was about 2 cm in diameter. 160 

(Fig. 1A-C). Harmothoe sp. (Polychaeta, Annelida) sample was asamples were also 161 

collected near Misaki Marine Biological Station. They were slender wormworms that 162 

were about 1.5 cm in length, with tough chaetae present along the whole body. (Fig. 163 

1D). A Xenoturbella japonicajaponica35 (Xenoturbellida, Xenacoelomorpha) specimen 164 

was collected near Shimoda Marine Research Center, University of Tsukuba. It was a 165 

soft -bodied worm that was about 0.8 cm in length. Due to the circumstances at 166 

collection, its condition was rather poor, with the epidermis starting to come off. 167 

Compared to the first two species in which numerous samples can be caught in a single 168 

collection, this is a rare species in which only a limited number of specimens available. 169 

Therefore, the main objectives for observing X. japonica was to investigate the newly 170 

reported frontal pore and to retrieve the sample after scanning. For the other two 171 

specimens, one objective was to check the effects of staining and storage. (Fig. 1E). 172 

Adjustments made onfor the conditions and configurations forof each sample are 173 

explained in detail. Our present study provides several tips and ideassuggestions on 174 

performinghow to perform microCT imaging on various marine invertebrates, and we 175 

hope that it will inspire biologists to utilize this protocol for their research. 176 

 177 

 178 

PROTOCOL 179 

Details are summarized in Table  180 
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1. Fixation 181 

 182 

1. 183 

 184 

1. Sample collection and fixation 185 

Specimens of Actina[Actinia equina (Fig. 1A-C) were collected near Misaki Marine 186 

Biological Station, The University of Tokyo. Animals were relaxed ] 187 

Relax the animals in 10% MgCl2 sea waterseawater for about 15 minutes at room 188 

temperature, fixed in . Transfer to 70% ethanol, and stored in the fixativestore at room 189 

temperature.  190 

 191 

Specimens of 1.2. [Harmothoe sp. (Fig. 1D) were collected near Misaki Marine 192 

Biological Station, The University of Tokyo. The animals were anesthetized.] 193 

Anesthetize the animals by placing them in ice-cold sea waterseawater for about 15 194 

minutes. They were fixed inTransfer to 10% (v/v) formalin solution with seawater and 195 

stored in the fixativestore at room temperature.  196 

 197 

A specimen of 1.3. [Xenoturbella japonica (Fig. 1E) was collected near Shimoda Marine 198 

Research Center, University of Tsukuba. It was relaxed] 199 

Relax the animal using 7% MgCl2 in fresh water and fixedfreshwater. Fix in 4% 200 

paraformaldehyde in filtered seawater overnight, washed, and kept . Place in 70% 201 

ethanol and store at 4 °C. 202 

 203 

 204 

2. 2. Staining 205 

 206 

2.1. For  Transfer the samples in 70% ethanol (A. equina and X. japonica), transfer 207 

the samples intoto 50% ethanol and store at room temperature for 15 hours.  208 

2.2. Replace the 50% ethanol with 25% ethanol and store at room temperature for 2 209 

hours. Note: Not necessary for the Harmothoe sp. sample in 10% (v/v) formalin 210 

solution 211 

2.3.  For the A. equina and X. japonica samples, replace the 25% ethanol with 212 

seawater. 213 

 214 

2.2.distilled water (DW). For Replace the Harmothoe sp. sample, replace the fixative 215 

solution with distilled water (DW).) and store the samples in DW 216 
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2.4.  Store at room temperature in DW for 2 hours. Repeat this step three times.  217 

 218 

2.3. Prepare 25% Lugol solution by diluting the stock solution (below) to 25% with DW. 219 

Stock solution (100% Lugol solution) contains KI 10 g and I2 5 g, adjusted to 100 ml with 220 

DW. Note: Lugol solution is light-sensitive, so store and handle the solution away from 221 

light. Follow the regulations of each country and institution for iodine handling and 222 

waste. 223 

 224 

2.4. 2.5. Decant the DW and pour in 25% Lugol solution. Stain for 20-24 hours at 225 

room temperature. The 25% Lugol solution was made by diluting the below stock 226 

solution with DW prior to use: stock solution (100% Lugol solution); KI 10 g, I2 5 g, 227 

adjust to 100 ml with DW.  228 

Note: Lugol solution is light sensitive, therefore storage of the stock solution and 229 

staining of the samples should be performed protected from the light. 230 

Caution: Concerning iodine handling and waste, please follow the regulations of each 231 

country and institution. 232 

 233 

 234 

3. MicroCT scanning 235 

 236 

 237 

3.1  Stage Mounting 238 

Preparation:  239 

Make 0.5% agarose by dissolving 500 mg agarose in 100 ml DW in a 250 -ml conical 240 

flask within a microwave (800 W, about 1-3 min.).minutes). Cool to about 30-40 °C at 241 

room temperature.  242 

Caution: Do not overheat or completely seal the flask when heating, to prevent the 243 

agarose from boiling over. 244 

 245 

3.1.1【Actina equina】 246 

3.1. Mounting large (>2 cm) samples using a 50-ml tube 247 

 248 

3.1.1.1  Place the stained sample in a 60 -mm Non-treated Dishdish with DW to 249 

wash off excessive staining solution from the surface. 250 

 251 
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3.1.1.2.  Gently pour 5 ml of 0.5% agarose ininto a 50 -ml tube and harden the 252 

agarose on ice. Be careful not to make bubbles in the agarose. 253 

 254 

3.1.1.3. Harden the agarose on ice.  255 

3.1.1.4.   Gently add 20 ml of 0.5% agarose into the 50 -ml tube. Be careful not to 256 

make bubbles in the agarose. 257 

3.1.1.5. Place and place the specimen within the 0.5％ 0.5% agarose with the distal 258 

end up using forceps. Be careful not to leavemake bubbles in the agarose.   259 

 260 

3.1.1.6. 4. Adjust the position and orientation of the sample with forceps before the 261 

agarose hardens.  262 

3.1.1.7. Hardenand harden the agarose on ice. 263 

 264 

3.1.1.8. 5. Place clay on the microCT mounting stage and set the 50 -ml tube on the 265 

clay (Fig. 2B2A). 266 

 267 

 268 

3.1.2【Harmothoe sp.】 269 

3.2 Mounting small (<2 cm) samples using a 1000-µl micropipette ‘blue’ tip 270 

 271 

3.1.2.1.  Draw up 100 µl of 0.5% agarose into a 1000 -µl micropipette ‘blue’ tip and 272 

harden the agarose on ice, making a plug in the tip. Make several of this plugged tip 273 

(Fig. 2C2B-a). 274 

 275 

3.1.2.2. 2. Decant the stained sample ininto a 60 -mm Non-treated Dishdish without 276 

using forceps. The sample in the tube cannot be seen due to the colored staining 277 

solution, and the use of forceps at this step may damage the sample.  278 

 279 

3.1.2.3.  Gently transfer the sample using ring tweezers into aanother 60 -mm Non-280 

treated Dishdish with DW to wash off excessive staining solution from the surface. 281 

 282 

3.1.2.4.  Add 1000 µl of either DW or 0.5% agarose into the plugged tip made at step 283 

3.1.2.1 using a micropipette. Be careful not to make bubbles in the agarose.   284 

 285 
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3.1.2.5.  Gently transfer the sample from the 60 -mm Dishdish into the DW or 286 

agarose in the plugged tip using ring tweezers. Be careful not to make bubbles in the 287 

agarose. The sample was placed with its head downwards. Do not push the sample too 288 

far down the tip, to keep the chaetae standing in their natural state.  289 

 290 

3.1.2.6.  Gently adjust the position and orientation of the sample with a petiolate 291 

needle, avoiding damage to  or precision tweezers so that the sample. This step must 292 

be completed before is stable between the walls of the tip. Be careful not to make 293 

bubbles in the agarose hardens.  294 

3.1.2.7. . Harden the agarose on ice if agarose is used. 295 

3.1.2.8. 7. Cut the tip off a new 1000 -µl micropipette ‘blue’ tip so that the remaining 296 

part is 5 cm long (Fig. 2C-(Fig. 2B-b, c),) and insert the tip of the plugged tip into the 5 297 

cmnew tip (Fig. 2E-c).. 298 

 299 

3.1.2.9.  8. Place clay on the microCT mounting stage and set the tips with the 300 

sample inside on the clay (Fig. 2E-c).  301 

 302 

3.1.3【Xenoturbella japonica】 303 

3.1.3.1-3 Same as Harmothoe sp. 304 

3.1.3.4.  Add 1000 µl DW into the plugged tip using micropipette. Be careful not to 305 

make bubbles in the DW. The epidermis was starting to come off from the specimen in 306 

this study, and DW instead of agarose was used to prevent further damage.  307 

3.1.3.5.  Gently transfer the sample from the 60 mm Dish into the DW in the plugged 308 

tip using ring tweezers. The sample was placed with its anterior downwards. Be careful 309 

not to make bubbles in the DW. 310 

3.1.3.6.  Using a petiolate needle, gently push the sample downwards while 311 

adjusting its orientation so that the sample is stable between the walls of the tip (Fig. 312 

2E-a,b). Avoid damage to the sample.  313 

3.1.3.7.  Cut the tip off a new 1000 µl micropipette ‘blue’ tip so that the remaining 314 

part is 6.5 cm long (Fig. 2C-b), and insert the tip of the plugged tip into the 6.5 cm tip 315 

(Fig. 2D,E-a,b). 316 

3.1.3.8.  Place clay on the microCT mounting stage and set the tips with the sample 317 

inside on the clay (Fig. 2D).2C, D). NOTE: The staining solution will start to wash off the 318 

sample once it is placed in DW, so proceed to the next scanning step promptly. 319 

 320 
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 321 

3.2. 4. MicroCT scanning 322 

ScanXmate-E090S105 (Comscantechno Co., Ltd., Japan), a relatively low cost cone 323 

beam microCT system was used in this study. This system employs L9421-324 

02(Hamamatsu Photonics K.K) as its X-ray source, with a focal spot size of 7 µm (5 µm 325 

at 4 W) and tungsten as its anode target. The detector is a flat panel detector 326 

PaxScan1313DX (Varex Imaging Corporation). The active image matrix size of this 327 

system is 992 x 992 pixels. The internal structure and the operating coordinates of the 328 

stage is shown in Fig. 2A. Three types of scanning are possible with this system: 1) 329 

Normal Scan: scan the whole specimen in a single scan; 2) Multi-step Scan: scan parts 330 

of the specimen at high resolution and reconstruct the whole specimen afterwards; 3) 331 

Pinpoint Scan: scan only the necessary parts of the specimen at high resolution in a 332 

single scan. In this section, Normal Scan is explained using A. equina, Multi-step Scan 333 

using Harmothoe sp., and Pinpoint Scan using X. japonica. 334 

 335 

 336 

3.2.1 Normal Scan of A. equina 337 

3.2.1.1. After setting the sample on stage, turn on the X-ray beam at 80kV, 100µA. 338 

3.2.1.2. Looking at the 339 

4.1. Turn on the X-ray beam at 80 kV, 100 µA. 340 

 341 

4.2. While observing the X-ray transmission image at the center of the screen (Fig. 3A), 342 

move the stage so that the whole sample can be seen. Adjust by clicking on the X and Z 343 

axis button (Fig. 3A). Set the contrast inof the Fluoroscopic Image (Fig. 3A)image so 344 

that the internal structures of the specimen can be observed. by adjusting the contrast 345 

conditions (Fig. 3A: Image contrast). 346 

 347 

4.3.2.1.3.  Adjust the orientation of the sample by changing the angle of the tube/tip 348 

in the clay (Fig. 2B). Turn the stage 90 degrees by setting the rotation axis (Fig. 3A: 349 

Designation of axial) to 90 and clicking on the relative movement), and perform button 350 

(Fig. 3A). Perform the same maneuver four times to complete a full rotation. NOTE: 351 

Manually turn off the X-ray beam each time you open the sample door, unless the 352 

system turns it off automatically. 353 

3.2.1. 354 

4. 4. Move the stage so that the sample is at the center of view. by clicking on the Z 355 

axis button (Fig. 3A) and by manually adjusting the Y axis knob on the mounting stage 356 
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(Fig. 3B). Turn the stage 90 degrees and do the same. Turn the stage 360 degrees and 357 

check that the sample is at the center of view from all directions.  358 

3.2.1 359 

4.5.  Move the stage along the x-axis toward the X-ray beam source by clicking on 360 

the X axis button (Fig. 2A3A) to enlarge the sample so that it just fits in view (Fig. 3A 361 

lower right3C).  362 

3.2.1 363 

4.6.  Turn the stage 360 degrees and check that the sample fits in view from all 364 

directions. The mechanical magnifying rate, defined by the distance of the sample 365 

from the X-ray source, is determined at this step. The space resolution power during 366 

scanning, which is proportional to the magnifying rate, is also set here. In the case of 367 

Fig. 3A lower right panel, it is at 18.0µm/pixel. 368 

3.2.1 369 

4.7.  Adjust the scanning conditions as below: shown in Table 1. 370 

Voltage: 80kV, Current: 100µA 371 

Number of integrations (average of integration): 2 372 

Integration rate (frame rate): 8 fps 373 

Bining mode: 1 x 1 374 

Projection: 2000 375 

Contrast of Fluoroscopic Image: MIN 0 , MAX 65535 , EDGE 0 376 

3.2.1.8.  377 

4.8. Start scanning. It will take about 10 minutes. 378 

Note: If there are plans to use the sample for further experiments, promptly retrieve 379 

the sample from the mounted-tip and transfer into storage solution (e.g. DW, 70% 380 

ethanol, depending on the following experiments). It is possible to store the sample in 381 

the hardened agarose for later re-scanning, but contractions will likely occur (see Fig. 382 

10) and storage in agarose should be kept to a maximum of several days. 383 

 384 

 385 

3.2.2 Multi-step Scan of Harmothoe sp. 386 

3.2.2.1-4. Perform the same steps as Normal Scan 1-4. 387 

3.2.2.5. Move the stage upwards along the z-axis so that the anterior tip of the 388 

specimen is at the center of view.  389 

3.2.2.6.  Move the stage along the x-axis toward the X-ray beam source to enlarge 390 

the sample so that its width just fits in view (Fig. 4C). Turn the stage 90 degrees and 391 
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check that the sample fits in view (Fig. 4D). This position corresponds to Scan3 in Fig. 392 

4A. 393 

3.2.2.7.  Lower the stage along the z-axis 800 pixels (Fig. 3A: Z axis position by pixel), 394 

and check that the sample fits in view by rotating the sample (Fig. 4A:Scan2, Fig. 4E). If 395 

parts of the sample cannot be seen in view, lower the magnification by moving the 396 

stage away from the X-ray source. 397 

3.2.2.8.  Lower the stage along the z-axis 800 pixels again, and do the same as the 398 

previous step (Fig. 4A:Scan1, Fig. 4F).  399 

3.2.2.9.  Check that the whole sample is included within the planned scanning area 400 

(Fig. 4A:Scan1-3). The space resolution power during scanning is determined through 401 

these steps. In the case of Fig. 4, it is at 6.5µm/pixel. 402 

3.2.2.10.  Adjust the scanning conditions to below: 403 

Voltage: 80kV, Current: 100µA 404 

Number of integrations (average of integration): 2 405 

Integration rate (frame rate): 8 fps 406 

Bining mode: 1 x 1 407 

Projection: 2000 408 

Number of Multi-steps: 3 409 

Number of Slices_Y(height): 800 410 

Contrast of Fluoroscopic Image: MIN 0 , MAX 65535 , EDGE 0 411 

3.2.2.11.  Start scanning. It will take about 26 minutes. 412 

Note: If there are plans to use the sample for further experiments, promptly retrieve 413 

the sample from the mounted-tip and transfer into storage solution (e.g. DW, 70% 414 

ethanol, depending on the following experiments). It is possible to store the sample in 415 

the hardened agarose for later re-scanning, but contractions will likely occur (see Fig. 416 

10) and storage in agarose should be kept to a maximum of several days. 417 

 418 

 419 

3.2.3 Pinpoint Scan of X. japonica (scanning only the anterior part of the specimen) 420 

3.2.3.1-4.  Perform the same steps as Normal Scan 1-4. 421 

3.2.3.5.  Move the stage upwards along the z-axis so that the anterior tip of the 422 

specimen is at the center of view. 423 

3.2.3.6.  Move the stage along the x-axis toward the X-ray beam source to enlarge 424 

the sample so that the part to be observed is at the center of view. Parts that do not 425 

need to be observed can be excluded from the field of view, but the excluded parts 426 

may cause noises during scanning (hence, Pinpoint Scan is recommended especially for 427 



 

 

observing distal parts of an animal). Therefore, it is advised to make the excluded parts 428 

as small as possible by adjusting the stage position, angle of specimen, or the 429 

magnifying rate. The X. japonica specimen was scanned at 2.8µm/pixel in this study. 430 

3.2.3.7. Adjust the scanning conditions to below: 431 

Voltage: 60kV, Current: 130µA 432 

Number of integrations (average of integration): 2 433 

Integration rate (frame rate): 8 fps 434 

Bining mode: 1 x 1 435 

Projection: 2000 436 

3.2.3.9.  Start scanning. It will take about 10 minutes. 437 

 438 

4 439 

 440 

5. Image reconstruction 441 

4 442 

5.1 Reconstruction of A. equina Normal Scan 443 

4.1.1. Raw data is saved as .raw files. Import. Start up the raw data into a built-in 444 

reconstructionmicroCT system’s accessory software in(see table of materials) and open 445 

the micro-CT system (e.g. coneCTexpress).scanned data.  446 

4.1.2. Trim 447 

5.2. Adjust differences in the rotation axis of the sample during scanning by clicking on 448 

the automatic shift value calculation button (Fig. 4A green square). 449 

 450 

5.3. Adjust the orientation of the image by rotating the orange arrows (Fig. 4B). If the 451 

orientation was changed, repeat step 5.2. 452 

 453 

5.4. Click on the area tab (Fig. 4C magenta square) and trim areas where samples are 454 

not present（ (Fig. 3B:4C yellow square）.). 455 

4.1.3. Perform  456 

5.5. Click on the reconfiguration by settingtab (Fig. 4D magenta square) and set the 457 

filters as below to remove noise.  458 

Ring artifact reduce filter: Median filter -3; Noise elimination filter: Average filter-1. 459 

4.1.4.   460 

5.6. Perform reconfiguration by clicking on the reconfiguration button (Fig. 4D green 461 

square). 462 
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 463 

5.7. Adjust image brightness and contrast by setting the black and white values as 464 

below (Fig. 3C). Note: Blackblack value 0, white value: 250 (Fig. 4D blue square). 465 

4.1. 466 

5. 8. Save the reconstructed TiffTIFF image dataset. 467 

4.1.6.  as an 8-bit TIFF by clicking on the save button. Rename tiffTIFF files as 468 

following: Date_sample_resolution (µm)_number.tiff.  469 

 470 

 471 

4.2 Reconstruction of Harmothoe sp.Multi-step Scan (Fig. 5) 472 

4.2.1. Raw data is saved as .raw filesNOTE: The original microCT datasets from this 473 

study are available in folders Scan1, 2, and 3.  First, import the raw data of Scan1 into 474 

a built-in reconstruction software in the micro-CT system (e.g. coneCTexpress). 475 

4.2.2. Set ‘angle of rotation’ so that the ventral side is to the top of the view (Fig. 476 

5A,B). 477 

4.2.3. Set the area of reconfiguration (Fig. 5C). Since the figures used here for the x- 478 

and y-axes will be used in all three scans, make sure to set the area in which the 479 

specimen fits in all three scans. For the z-axis in Scan1, set the upper limit depending 480 

on the sample and lower limit at 895 (Fig. 5C).  481 

4.2.4.  Perform reconfiguration by setting the filters as below to remove noise. Ring 482 

artifact reduce filter: Median filter -3; Noise elimination filter: Average filter-1. 483 

4.2.5.  Adjust image brightness and contrast by setting the black and white values as 484 

below (Fig. 5D. Black value 0; white value: 250). 485 

4.2.6.  Save the reconstructed Tiff image dataset in a new folder. 486 

4.2.7. Import the raw data of Scan2. 487 

4.2.8. Set the area of reconfiguration (Fig. 5E). Use the same numbers as Scan1 for 488 

the x- and y- axes, and 96-895 for the z-axis (Fig. 5E). 489 

4.2.9. Save the reconstructed Tiff image dataset in a different folder from Scan1. 490 

4.2.figshare repository, doi:10. Import the raw data of 491 

Scan36084/m9.figshare.767083736. 492 

4.2.11.  Set the area of reconfiguration (Fig. 493 

 5F). Use the same numbers as Scan1 and Scan2 for the x- and y- axes. For the z-axis in 494 

Scan3, set the upper limit at 96 and the lower limit depending on the sample (Fig. 5F). 495 

4.2.12. Save the reconstructed Tiff image dataset in a different folder from Scan1 or 496 

Scan2. 497 
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4.2.13.  Rename all tiff files (Scan1, 2, and 3) with a serial number as following: 498 

Date_sample_resolution (µm)_number.tiff. and save in a single folder.  499 

 500 

 501 

4.3 Reconstruction of X. japonica Pinpoint Scan 502 

->  Same as 4.1 503 

 504 

5. Specimen retrieval 505 

5.1 Remove the 1000µm tip or 50 ml tube with the specimen inside from the stage. 506 

5.2 If the specimen was mounted in a 1000µm tip, cut off the plugged tip. 507 

5.3 Turn the tip or tube upside down and decant the specimen in a 60mm Dish with 508 

DW inside. If the specimen in the tip does not come out, shake the tip gently, blow air 509 

into the tip from the narrow end, or insert a petiolate needle from the narrow end and 510 

push out the specimen.  511 

5.4 If the specimen was mounted in agarose, carefully remove the agarose under a 512 

stereoscopic microscope using petiolate needle and precision tweezers.   513 

5.5 Dehydrate in a graded ethanol series and store in 70% ethanol. 514 

Note: To investigate the effects of long-term storage of stained samples, specimens of 515 

A. equina and Harmothoe sp. were placed in DW while still in the hardened agarose 516 

and stored at room temperature for 22 days. The samples were observed by microCT 517 

imaging after storage.  518 

Note: DNA extraction was performed on pieces of the three samples (excised with 519 

razor blades) using DNeasy Blood & Tissue Kit (Qiagen) or Wizard Genomic DNA 520 

Purification Kit (Promega) according to the manufactures’ instructions and PCR was 521 

performed using LCO1490 and HCO2198 described in Folmer et al., 199426.  522 

 523 

6. Data analyses  524 

 525 

6.1. Start up the data analysis software (see table of materials) and enable importing of 526 

TIFF files by clicking on the Database icon (Fig. 5A magenta square) and turning off the 527 

box shown in Fig. 5B. 528 

 529 

6.2. Click on the import icon (Fig. 5C magenta square), select the dataset saved at step 530 

5, and click open. 531 

 532 

6.3. Click the copy links button (Fig. 5D) to import the data. 533 
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 534 

6.4. Display the 2D cross-section by clicking on the 2D viewer icon (Fig. 5C blue square).  535 

 536 

6.5. Calibrate the dataset by clicking on the 3D viewer tab (Fig. 5E magenta square) 537 

and entering the resolution value at scanning, which was 0.018 in this study (Fig. 5F). 538 

Data was analyzed using OsiriX (www.osirix-viewer.com), Imaris 9.2 539 

(http://www.bitplane.com), and Adobe Premiere Pro CC according to Tsuda et al., 540 

201721 and Maeno & Tsuda 201827.  541 

 542 

 543 

6.6. Click on the brightness/contrast icon (Fig. 5E green square). Adjust the brightness 544 

and contrast by moving the cursor inside the displayed 2D image and changing the 545 

window level and window width (Fig 5G). 546 

 547 

6.7. Check other cross-section images by moving the scrollbar (Fig. 5G square). 548 

 549 

6.8. Change the orientation of the cross-section by clicking on the orientation icon (Fig. 550 

5E blue square) and check images at all orientations (Fig. 5H).  551 

 552 

6.9. Click on the export icon to store cross-section images that you wish to save.  553 

 554 

 555 

REPRESENTATIVE RESULTS 556 

 557 

We have performed microCT imaging foron A. equina (Anthozoa, Cnidaria), 558 

Harmothoe sp. (PolycheataPolychaeta, Annelida), and X. japonica (Xenoturbellida, 559 

Xenacoelomorpha) after staining the samples with 25% Lugol solution. The staining 560 

successfully enhanced the contrast of the internal structures in all specimens, enabling 561 

the observations of internal soft tissues (FigsFig. 6-8). Together with past 562 

reports6,7,14,16,20,2519,22-26,28,30-33, this shows that microCT can be used on various marine 563 

invertebrates for visualizing their morphology, including soft internal tissues. In A. 564 

equina, we were able to visualize soft internal structures such as pharynx, 565 

siphonoglyphs, mesenteries, and mesenterial filaments, distinguish the digestive 566 

systems from the mesenteries, and show the relative position of these organs within 567 

the specimen (Fig. 6). A single reconstructed dataset was obtained from a Harmothoe 568 

sp. specimen more than 1 cm long using Multi-step Scan with our low cost cone beam 569 
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microCT system (Figs. 7,8). By comparing the images obtained with Pinpoint Scan and 570 

Multi-step Scan, one can apparently comprehend the clarity and potential of the 571 

Pinpoint Scan (Fig. 8). The parapodia could be observed in detail and a 3D 572 

reconstructed model of the jaw enabled its observations from all angles. Although the 573 

epidermis of the X. japonica sample was damaged, the internal structures were clearly 574 

visualized (Fig. 9), and the ventral glandular network extending from the frontal pore 575 

was visualized in a single image for the first time (Fig. 9C).Clear images were obtained 576 

even with the X. japonica specimen, whose epidermis was badly damaged (Fig. 6F, G), 577 

showing that this method is applicable to fragile specimens with external damage. 578 

 579 

With Scanning only the aimregion of reconstructing interest, in contrast to a 580 

wider area, greatly increased the clarity and resolution of the image (compare Fig. 6F 581 

and 6G). However, a single high -resolution dataset of a whole specimen, Multi-step 582 

Scan was performed on reconstructed for Harmothoe sp. (Figs. 4,5,7,8),(Fig. 6C) and X. 583 

japonica (Fig. 9A). This method reconstructs a single dataset6F) from multiple scans 584 

performed on different (but overlapping) parts of the specimen and is useful for 585 

elongated samples.. The seams between each scan were inconspicuous in the 586 

reconstructed images (Figs. 7,8,9A). Researchers have used helical CT systems, in 587 

which the X-ray source and the detector moves around the sample in a spiral, to 588 

reconstruct. Our study shows that single high-resolution images of large and long 589 

samples. However, helical CT systems are generally highly expensive. The Multi-step 590 

Scan method described in this study enables less expensive can be obtained with cone 591 

-beam microCT systems with only small detectors to scan larger areas in the z-axis 592 

direction.. By scanning a larger area at high resolution, thethere is a smaller risk forof 593 

overlooking small structures becomes less when compared with Normal Scan.. Another 594 

merit for this methodadvantage is that it becomesis easier to grasplocate the relative 595 

positions of structures that are situated far apart, such as the anterior and posterior 596 

tips of an elongated annelid.  597 

 598 

Tissue contraction after fixation and staining was observed in this study. In the 599 

A. equina specimen, the diameter of its proximal end changed from 1.9 cm to 1.7cm at 600 

staining (Fig. 10A,B). Similarly, the body length of X. japonica shortened from 0.8cm to 601 

0.7cm (Fig. 10D,E). Concerning Harmothoe sp., although bending of the body occurred 602 

after staining, no shortening of its body length was observed.  603 

Further contraction was seen in the A. equina specimen after storage, with 604 

the diameter of its proximal end decreasing another 2 mm (Fig. 10A-C). Comparisons 605 
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of microCT images revealed that internal tissues have also contracted notably. For 606 

Harmothoe sp., no apparent contraction was seen externally even after storage. 607 

However, microCT imaging revealed that muscles in the proboscis have apparently 608 

contracted, with the space between the muscles and the epidermis widening (Fig. 609 

10F,G). Moreover, intense signals, apparently visible before storage at the dorsal 610 

epidermis, have disappeared after storage (Fig. 10F,G: white arrow heads).  611 

DNA extraction and PCR failed to yield positive results, with no amplified 612 

fragments being observed in all samples. However, these samples were not handled 613 

with DNA extraction in mind (e.g. storage at room temperature for prolonged periods 614 

and fixation in formalin). There have been reports of successful DNA extraction from 615 

microCT scanned samples (summarized in Faulwetter et al., 201314), and the microCT 616 

scanning time in the present study was relatively short. Therefore, the negative data is 617 

most likely to be the result of sample handling, rather than the effects of microCT 618 

scanning on sample DNA.   619 

 620 

FIGURE AND TABLE LEGENDS  621 

 622 

Figure 1: Marine invertebrate animals observed in this study. (A-C) ActinaActinia 623 

equina (Anthozoa, Cnidaria). (A) Distal end of a live animal relaxed in 10% MgCl2 sea 624 

waterseawater. Distal (B) and proximal (C) ends after fixation in 70% ethanol. (D) Live 625 

and anesthetized Harmothoe sp. (Polychaeta, Annelida), dorsal view with anterior to 626 

the left. Most of the elytronelytra were already missing alreadyat this stage, with only 627 

four remaining near the posterior end. (E) Xenoturbella japonica (Xenoturbellida, 628 

Xenacoelomorpha) fixed in 70% ethanol. Right view, with anterior to the bottom. 629 

Thetop. Because of circumstances at collection, its epidermis is starting to come off. 630 

Scale bars: 3 mm. 631 

 632 

Figure 2: Mounting samples on the microCTmicrofocus X-ray computed tomography 633 

system. (A) Schematic diagram of the internal structure of the system used in this 634 

study. (B) Mounting samples in a 50 -ml tube using clay. The orientation of the sample 635 

can be adjusted using the clay. (CB) Preparation of a 1000 -µl micropipette ‘blue’ tip 636 

for mounting small samples. a: Tip with its end plugged with 100 µl of 0.5% agarose 637 

(diagonal lines). The samples are placed in this tip. The tip with the sample is inserted 638 

into another 1000 -µl micropipette ‘blue’ tip (b, c) for mounting. b was used for 639 

X.Xenoturbella japonica, and c was used for Harmothoe sp. (DC) Mounted X. japonica 640 
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sample, overview (left) and close up (right). X-ray source can be seen to the right of the 641 

sample. (ED) Diagrams for mounting samples in thea 1000 -µl micropipette ‘blue’ tip. a: 642 

X. japonica sample in DWdistilled water. b: the sample is in contact with the tip wall 643 

(arrows), so that it does not move while scanning. c: Harmothoe sp. sample in 0.5% 644 

agarose. 645 

 646 

Figure 3:  Scanning samples on the microfocus X-ray computed tomography system. 647 

(A) Operating screen of the microCT system used in this study. (A) Screen during 648 

scanning. (B) Screen during image reconstruction of the microfocus X-ray computed 649 

tomography system, showing an X-ray transmission image of an Actinia equina 650 

specimen. Adjust the contrast and brightness with the ‘Image contrast’ at the lower 651 

left. (B) View of the mounting stage showing the Y axis knob. (C) X-ray transmission 652 

image of the A. equina specimen after the mounting stage was moved closer to the X-653 

ray beam source. Notice it is enlarged when compared to the image at the center of 654 

(A). 655 

 656 

Figure 4: Operating screen of the image reconstruction system. (A) Screen for adjusting 657 

differences in the rotation axis of the sample during scanning, showing an Actinia 658 

equina specimen. Magenta square: shift tab; green square: automatic shift value 659 

calculation button. (B) Screen for adjusting the orientation of the image, with 660 

Harmothoe sp. shown. (C) Screen during the image reconstruction of A. equina, 661 

trimming the area outside the yellow square where no samples are present. 662 

(CMagenta square: area tab. (D) Screen during image reconstruction, showing the 663 

reconstructed image of A. equinaequina. Magenta square: reconfiguration tab; green 664 

square: reconfiguration button; blue square: black and white value adjustment. 665 

 666 

Figure 4: Multi-step Scan of Harmothoe sp. (A) Scanning of the sample. D1, D2, and D3 667 

show the area that is scanned in Scan1, 2, and 3 respectively. The mounting stage is 668 

raised 800 pixels after each scan. Since the active image matrix size of this system is 669 

992 x 992 pixels, 192 pixels overlap between each scan. (B) Image reconstruction. 670 

Since the top and bottom ends of each scan are distorted, 96 pixels are discarded from 671 

the overlapping parts of the scan. (C-F) Images during scanning. C,D: Image during 672 

Scan1 showing the anterior end of the Harmothoe sp. sample. E: Image during Scan2 673 

showing the middle part of the sample. F: Image during Scan3 showing the posterior 674 

end. 675 

 676 
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Figure 5: Operating screen during image reconstruction of Harmothoe sp. Multi-step 677 

Scan. (A) Import the Scan1 data. (B) Adjust the orientation by changing the angle of 678 

rotation. In this case, the dorsal side, which can be identified by the elytron, is to the 679 

bottom. (C) Check the data from all angles and trim the area where no samples are 680 

present (outside the yellow square). Concerning the z-axis, set the number on the right 681 

to 895. (D) Adjust the brightness and contrast by changing the ‘Black value’ and ‘White 682 

value’ (in this case, it is 0 and 250, respectively). Save the data as an 8 bit Tiff file after 683 

this step. (E) Perform A-D for Scan2 data, using the same configurations for the angle 684 

of rotation, black value, white value, x-axis and y-axis trimming area. For the z-axis 685 

trimming area, use 96 and 895. (F) Perform A-D for Scan3 data, using the same 686 

configurations. For the z-axis trimming area, set the number on the left to 96. 687 

 688 

Figure 5: Operating screen of the image analysis system. (A) Preference window. The 689 

Database icon (magenta circle) is clicked to open the database file management 690 

window. (B) Database file management window. In this software, the box shown with 691 

an arrow needs to be off to enable importing TIFF files. (C) Menu and tool bars of the 692 

Database screen. Magenta square: import icon; blue square: 2D viewer icon. (D) 693 

Dataset import window. Magenta circle: copy links button. (E) Menu and tool bars of 694 

the 2D viewer screen. Magenta square: 3D viewer tab; green square: 695 

brightness/contrast icon; blue square: orientation icon. (F) Calibration setting window. 696 

Enter the desired resolution values within the columns in the magenta square. (G) 697 

Cross-section of an Actinia equina specimen displayed in the 2D viewer window for 698 

adjusting brightness and contrast. Magenta square: scrollbar for checking other cross-699 

sections. (H) Cross-section of A. equina displayed in the 2D viewer window with a 700 

different orientation to (G). 701 

 702 

Figure 6: Scanned and reconstructed images of Actina equina.marine invertebrates. (A) 703 

Transverse section at the green dotted line shown at the right top. and (B) Longitudinal 704 

section at the green dotted line shown at the right top.longitudinal sections of Actinia 705 

equina. The area inside the dotted yellow square in (B) is enlarged in the left top inset. 706 

(C-E) 3D models constructed from scanned data. Turquoise blue; mesenteries and 707 

mesenterial filaments, red-brown; digestive organs (pharynx and 708 

siphonoglyphs).Abbreviations: dm:, pair of directive mesenteries,; m:, pair of perfect 709 

mesenteries,; mf:, mesenterial filament,; p:, pharynx,; si:, siphonoglyphs,; t:, tentacle,; 710 

arrows:, oral disc,; white arrowheads:, pedal disc,; black arrowheads:, sphincter 711 

muscle. Scale bars: A, B: 3 mm. 712 



 

 

 713 

Figure 7: Scanned and reconstructed images of Harmothoe sp. (A) False color volume 714 

rendering image. Dorsal view with anterior to top. (B) Volume rendering image of the 715 

anterior end shown with yellow dotted square b in A. Top panel, dorsal view, bottom 716 

panel, frontal view. (C) Volume rendering image of the posterior end shown with 717 

yellow dotted square c in A. Top panel, dorsolateral view, bottom panel, ventrolateral 718 

view. (D) Volume rendering image of a left parapodia. (E) Volume rendering image of 719 

the upper and lower jaws, seen from the front (left column), frontal-left angle (middle 720 

column), and left (right column). (F (C-E) Harmothoe sp. (C) Sagittal section of the 721 

anterior part. (GD, E) Transverse section at the dotted linelines d and e in F. (H) Sagittal 722 

section of the posterior part.(C). Abbreviations: aci:, aciculum,; acim:, acicular muscle,; 723 

coe:, coelom, dci: dorsal cirrus,; dlm:, dorsal longitudinal muscle, doc: dorsal chaetae, 724 

dvm: dorsal ventral muscle,; elp:, elytrophore, ely: elytron,; eye:, eye,; int:, intestine,; 725 

jaw:, jaw, lant: lateral antenna,; mant:, median antenna,; mo:, mouth, nop: 726 

notopodium, nup: neuropodium, palp: palp, par: parapodia, pha: pharynx, prob: ; mp, 727 

muscles of proboscis, pros: prostomium, tci: tentacular cirri, vbv: ventral blood vessel, 728 

vci: ventral cirrus,; palp, palp; pha, pharynx; prob, proboscis; vlm:, ventral longitudinal 729 

muscle,; vnc:, ventral nerve cord. 730 

 731 

Figure 8: Volume rendering image and transverse section movie of the whole body of 732 

Harmothoe sp. 6 sec to 16 sec: 3D volume rendering image. Top: left view, bottom: 733 

frontal view. 17 sec to 1min 42 sec: Transverse section movie generated from Multi-734 

step Scan. The position of the section is shown with a moving green line on the sagittal 735 

section image at top. From 17 sec to 53 sec, transverse section movie of the anterior 736 

part of the specimen generated from Pinpoint Scan is shown at the left bottom. From 1 737 

min 7 sec to 1 min 14 sec, a 3D model made using Imaris software showing the 738 

positions of major organs is present at right top.  739 

 740 

Figure 9: Scanned and reconstructed images of Scale bars: C: 1 mm; D, E: 0.3 mm. (F, 741 

G) Xenoturbella japonica. (AF) Sagittal section of the whole sample reconstructed from 742 

a 2-step Multi-step Scan (4.2µm/pixel). (B. (G) Sagittal section of the anterior part 743 

reconstructed from a Pinpoint Scan (2.8µm/pixel). (C) False color volume rendering 744 

image of the anterior part seen from the ventral side, reconstructed from the Pinpoint 745 

Scan data.. bl:, basal lamina,; int:, intestine,; ml:, muscle layer,; mo:, mouth,; nn:, 746 

intraepidermal nerve net,; white arrow, statocyst; black arrows:arrow, frontal pore,; 747 



 

 

white arrowheads:, ventral glandular network, white arrows: statocyst,; black 748 

arrowheads:, oocytes. 749 

 750 

Figure 10: Effects of preparation and storage on fixed samples. (A-C) Fixed Actina 751 

equina, seen from the proximal end. A: After fixation, before staining. B: Volume 752 

rendering image reconstructed from data obtained by scanning the sample after 753 

staining. C: Volume rendering image reconstructed from data obtained by scanning the 754 

sample 22 days after the first scanning. The sample was stored in hardened agarose at 755 

room temperature. (D,E) Fixed Xenoturbella japonica, right view with anterior to the 756 

bottom. D: After fixation, before staining. E: Volume rendering image reconstructed 757 

from data obtained by scanning the sample after staining. Scale bar: 1 mm. (F,G) 758 

Sagittal section of the anterior part of Harmothoe sp., left view. F: Image reconstructed 759 

from data obtained by scanning the sample after staining. G: Image reconstructed 760 

from data obtained by scanning the sample 22 days after the first scanning. The 761 

sample was stored in hardened agarose at room temperature. White arrowheads: 762 

these intense signals were obvious in F, but missing in G. Scale barbars: F: 1 mm, G: 0.5 763 

mm. 764 

 765 

Table 1: Sample preparation and scanning protocol for each specimen. 766 

 767 

 768 

DISCUSSION 769 

 770 

Fixatives using formalin, such as the 10% (v/v) formalin solution in seawater 771 

used in this study, are known to preserve the morphology of diverse marine 772 

invertebrates and are often used for microCT imaging18,24-26,28,30,33. However, 773 

restrictions on the use of this chemical have become strict in some countries in recent 774 

years, and substitutes such as paraformaldehyde or glutaraldehyde may be used. If 775 

there are plans to extract DNA after scanning, it is better to avoid using formalin as a 776 

fixative, because it is known to fragment DNA. In this case, the use of fixatives that 777 

preserve DNA, such as 70% ethanol, is recommended. In this study, the cnidarian A. 778 

equina was fixed using 70% ethanol, and clear microCT images were obtained from the 779 

70% ethanol-fixed samples (Fig. 6A, B). 780 

 781 

In a previous study of performingthat performed microCT scanning onof 782 

various cnidarian taxa, many samples were dehydrated in 100% ethanol, and some 783 
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were further critical -point -dried prior to scanning18scanning24. Although the soft 784 

internal organs such as tentacle clusters, muscles, and gonads were successfully 785 

observed in thetheir study, dehydration and drying processes are known to result in 786 

major artefacts such as the deformation and contractionscontraction of soft 787 

tissues10,17tissues11,21. In the present study, we were able to observe the internal 788 

structures of athe cnidarian A. equina usingfixed in 70% ethanol and stained with 25% 789 

Lugol solution (Fig. 66A, B). Our protocol, without any dehydration or drying steps, is 790 

more preferable, and should be performed whenwhenever possible to reduce the risk 791 

of damage to the specimens and artefacts during scanning.  792 

 793 

Although there were no dehydration or drying steps, contraction was 794 

observed in all three specimens after staining in the study. Contraction of the whole 795 

body was observed in A. equina and X. japonica specimens (Fig. 10A-E). Concerning 796 

Harmothoe sp., no shortening of its body length was observed. The differences in 797 

contraction is probably due to the differences in morphology of the samples. A. equina 798 

and X. japonica are both soft bodied with no external or internal skeletons, possessing 799 

a large space inside the body. On the other hand, Harmothoe sp. has a cuticle layer as 800 

an exoskeleton, preventing the body from extensive contractions. Contractions of 801 

samples stained with 25% Lugol solution have also been reported previously8,28,29, and 802 

should be considered when using the solution for microCT.  803 

 804 

Further contractions were seen in the A. equina and Harmothoe sp. specimens 805 

after 22 days storage at room temperature in hardened agarose (Fig. 10). For 806 

Harmothoe sp., no apparent contraction was seen externally, but microCT scanning 807 

revealed that muscles in the proboscis have apparently contracted, with creases 808 

appearing and the space between the muscles and the epidermis widening (Fig. 809 

10F,G). This shows that during storage, organs with different composition of cells and 810 

ECMs will contract differently, resulting in the distortion of relative positions of organs 811 

within an organism. Intense signals, apparently visible before storage at the dorsal 812 

epidermis, have disappeared after 22 days (Fig. 10F,G: white arrow heads). The intense 813 

signals were found within a branching tubular structure, likely to be the dorsal blood 814 

vessel based on its position and morphology, with the signal itself possessing no 815 

obvious cellular structure (The dorsal blood vessel was observed after storage). 816 

Furthermore, although different in chemical composition, blood of vertebrates has 817 

been reported to be stained intensely with 25% Lugol solution8. Based on these 818 

information, we believe that the intense signals are the blood remaining within the 819 
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dorsal blood vessels. As this unexpected disappearance of signals may occur in other 820 

organs and cells in other animals, and considering the inevitable contraction of soft 821 

tissues, we recommend that scanning should be performed as soon as possible after 822 

fixation and staining. 823 

  During specimen retrieval, it was difficult to completely remove the agarose 824 

from the Harmothoe sp. sample, especially from complex structure such as the 825 

parapodia or delicate structure such as the elytron. Mounting the sample in water and 826 

not agarose may solve this problem, but for samples with protruding structures (e.g. 827 

chaetae in Harmothoe sp. or tentacles in A. equina), these structures may move in the 828 

water during scanning, resulting in failure. Other methods, such as using low melting 829 

point agarose for mounting, need to be considered. 830 

A previous study reported Lugol solution, iodine solution, and 831 

phosphotungstic acid (PTA) are staining solutions that are often used on biological 832 

samples in microCT imaging6,7,9,14,16,17,20,26,27,38. From our experience of using various 833 

biological samples, Lugol solution provided the best results for many samples, with 834 

dark staining in a relatively short amount of time. Iodine solution yielded only very 835 

weak stains, and PTA required a long time for sufficient staining and the stained 836 

specimens showed strong contractions. Therefore, all specimens were stained with 837 

Lugol solution in this study. However, although Lugol solution is recommended, the 838 

appropriate staining solution differs between specimens, and we suggest that trials 839 

using other staining solutions be performed if there are enough specimens. 840 

Irrespective of the staining solution, samples do contract during staining37,38, so it is 841 

important to keep the staining time short. 842 

 843 

A critical step in microCT scanning is to mount the sample so as to prevent it 844 

from moving. In this study, this was performed in two steps, first using agarose as the 845 

direct mounting medium, and then using clay to mount the tube that contained the 846 

sample to the stage. For the first step, various low-density mounting media have been 847 

used in previous studies, including ethanol6,17,20,25,30, agarose9,29, and floral foam15,22,31. 848 

Agarose was selected in this study as it is a low-cost chemical that is accessible 849 

worldwide. A disadvantage of agarose is that it may be difficult to retrieve the sample 850 

from the hardened agarose after scanning but using low-melting-point agarose makes 851 

this retrieval step easier. For the second step, jaw clamps or screws are often used6,9,17. 852 

Clay was selected in this study as it enables fine adjustments in the orientation and 853 

angle of the sample. Caution is needed for experiments with long scanning times, as 854 



 

 

the possibility of the sample moving is higher when using clay rather than jaw clamps 855 

or screws. 856 

 857 

A previous study conducted microCT scanning foron seven polychaete species 858 

of polychaetes with body lengths of 2-8 mm, smaller than the Harmothoe sp. used in 859 

this study14study16. They were able to generate high -resolution images, showingand 860 

showed organs such as the vascular systems or eachand individual chaetaechaeta 861 

clearer than in the present study. The majormain cause forof this difference iswas not 862 

the protocol, but the specifications of the microCT systems used. The system used in 863 

the previous study was ‘equipped with an 11 -megapixel CCDcharge-coupled device 864 

camera (4000 x 2672 pixel) with a maximum resolution of < 0.8 µm/pixel’14pixel16. The 865 

active image matrix size of the system used in this study iswas 992 x 992 pixels, with a 866 

maximum resolution of > 5 µm/pixel. ThusTherefore, the spatial resolution of the low 867 

cost microCT system used in this study iswas inferior to the high performance microCT 868 

system used in Faulwetter et al., 201314201316. This difference was 869 

especiallyparticularly noticeable when scanning specimens smaller than 8 mm, in 870 

which we experienced a lack of resolution (data not shown). On the other hand, since 871 

theHowever, because fewer data acquiredwere obtained during scanning is much 872 

smaller in this study, the scanning time was much shorter than in the previous 873 

study14study16 (data: 992 x 992 and 4000 x 2672 pixelpixels, respectively; scanning 874 

time: 10 to 26 minutes and 30 minutes to several hours, respectively). TheA short 875 

scanning time lessensreduces the discoloration of the iodine staining, allowing the use 876 

of Lugol solution, which is a greatgood staining solution with a high penetration rate, 877 

but on the other hand known to diffuse easily diffuses in DW. TheDW34. A short 878 

scanning time also lowersdecreases the possibility of the sample moving during 879 

scanning, which enabled the use of a simple mounting method using agarose or DW 880 

(Fig. 2).2). Longer scanning times also have the disadvantage of possible sample 881 

shrinkage blur in images. Several other mechanical and hardware problems that can 882 

occur during long scans have also been reported30. Hencereported39. Therefore, when 883 

using microCT systems, it is important to accurately understand the specification of 884 

each system, and to choose the right system depending on thein terms of specimen 885 

size or the research aim. In some cases, a less expensive micro CTmicroCT system with 886 

low resolution may be sufficient. 887 

 888 

In the present study, we have applied microCT scanning on three 889 

phylogenetically distant marine invertebrate samples and explain in detail the different 890 



 

 

steps in the protocol, from sample fixation, staining, scanning, image reconstruction, 891 

specimen retrieval, to data analyses. We believe this versatile system can be 892 

performed on not only marine invertebrates, but on a wide range of biological 893 

specimens. MicroCT enables researchers to observe the internal structures of precious 894 

samples, such as type specimens or rare samples as X. japonica in this study, without 895 

destroying the sample. Morphological research shall greatly progress by combining 896 

microCT, high-spec microCT, sectioning, tissue clearing techniques, and other methods 897 

depending on the characteristics of the sample and the objectives of the specific 898 

research.  899 
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