Tomography of Materials and Structures 11 (2026) 100083

Contents lists available at ScienceDirect

IOGRAPHY
OF MATERIALS
AND STRUCTURES

Tomography of Materials and Structures

journal homepage: www.journals.elsevier.com/tomography-of-materials-and-structures

ELSEVIER

In vivo X-ray computed microtomography: A novel approach to assess coral
skeletal construction in the reef building coral Stylophora pistillata

Jacob Trend > @, Tessa M. Page”, Katie Dexter "“®, Cecilia D’Angelo *, Joerg Wiedenmann?,
Jacob Kleboe “®, Orestis L. Katsamenis ““®, Sumeet Mahajan “*°, Gavin L. Foster”

@ School of Ocean and Earth Sciences, University of Southampton, National Oceanographic Centre Southampton, SO14 3ZH, United Kingdom

b Biomedical Tmaging Unit, Laboratory and Pathology Block, Southampton General Hospital, Tremona Road, Southampton SO16 6YD, United Kingdom
€ u-VIS X-ray Imaging Centre, University of Southampton, Southampton SO17 1BJ, United Kingdom

4 School of Chemistry & Chemical Engineering, University of Southampton, Southampton SO14 3ZH, United Kingdom

€ Institute for Life Sciences, University of Southampton, Southampton, Hampshire SO14 3ZH, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: Scleractinian (stony) corals build reef frameworks through calcium carbonate deposition, yet all methods for
In vivo micro computed tomography assessing skeletal growth - staining, scanning electron microscopy (SEM), or ex vivo micro computed tomography
Scleractinia

(uCT) - are limited to endpoint measurements on dead specimens. Here, we utilise in vivo uCT to non-
destructively quantify skeletal growth in the reef-building coral Stylophora pistillata for the first time. In vivo
uCT was used three times over a 16-day period to study a single S. pistillata fragment, cultured at controlled pH
(8.0) and temperature (26°C) conditions. This approach revealed a volume increase from 630 to 700 mm? that
can be partitioned into external vertical extension and internal lateral thickening, generating high-resolution 4D
reconstructions of the evolving skeletal architecture. These measurements were consistent with established ap-
proaches but provide additional unique insights into internal growth dynamics. We demonstrate that in vivo pCT
enables micron-scale monitoring of calcification processes of living stony corals, thereby representing a powerful

Dynamic imaging
Image analysis
Method Development

new tool to probe coral growth dynamics in the face of rapidly changing environmental conditions.

1. Introduction

The calcium carbonate (CaCO3) skeletons of Scleractinian (Stony)
corals form the three-dimensional framework of coral reefs which sup-
port diverse ecological niches [1], sustain tourism and fisheries and
provide coastal protection [2]. Understanding the mechanisms of
scleractinian coral skeletal construction and how environmental factors
influence these processes is central to the preservation of coral reefs in
the face of accelerating global climate change.

Numerous techniques exist to study calcification and skeleton
growth in stony corals, detailing how they build their skeletons through
vertical extension of skeletal projections, followed by lateral thickening
[3,4]. Despite this, the existing methods to quantify “live” coral skeleton
growth - measurement of buoyant weight [5], alkalinity anomaly [6,7],
and photogrammetry [8,9] - have notable limitations. For instance,
buoyant weight quantifies overall mass gain, failing to distinguish be-
tween skeletal growth, tissue proliferation, trapped sediment and algal
growth, potentially leading to overestimations of calcification rate [5].
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The alkalinity anomaly method provides a net calcification rate which
may be confounded by external biogeochemical processes in the
seawater, such as algal growth, which alters alkalinity independent of
coral activity [10] , along with skeletal dissolution (further reviewed by
[11]). Finally, photogrammetry, though useful for assessing external
growth is limited in resolution to typically > 100 um, resolving solely
surface level changes. This is particularly significant in light of,
Tambutté and colleagues [12] describing that decreased seawater pH
primarily affects internal skeletal porosity, which cannot be captured by
photogrammetry [13].

To investigate the internal structures of coral skeletons, corals are
euthanised, the tissue removed, and the skeletons embedded and
sectioned. This permits 2D imaging of the skeleton using light micro-
scopy [14], fluorescence imaging [15] and geochemical approaches
[16-18]. While 2D sectioning provides a valuable sample snapshot,
ensuring that a representative sample subset is studied is challenging.
Destructive, serial-sectioning imaging, such as the laborious and
frequently expensive, serial block face SEM [19] , bridges this gap,
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permitting 3D imaging but at the cost of sample destruction which [23] and materials science [24], for the non-destructive 3D imaging of
disrupts potential correlative workflows. structures, has prompted its use for the 3D study of coral skeletons. pCT

The use of X-ray computed microtomography (uCT) within has been widely utilised for the interrogation of skeletal morphology,
biomedicine (e.g [20,21]), paleobiology (e.g [22]), micropaleontology thickness and porosity [25-31]. and used to showcase variable growth
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Fig. 1. In vivo pCT permits the study of coral skeletal growth in 4D. Serial scanning of S. pistillata permits the resolution of skeletal growth, between (Ai)
timepoint 1 (TP1), (Aii) timepoint 2 (TP2) and (Aiii) timepoint 3 (TP3). Figures Bi-iii show this growth as a 3D render, (C) quantifying this growth in mm°. Voxel-by-
voxel alignment between timepoints allows the generation of 4D uCT data, allowing the visualisation of micron-scale growth at the edge of the skeleton (Di - iii) and
the generation of 4D composite datasets (Div), also resolving structures within the internal skeleton (Ei — iv). Composite images are comprised of 3 colours: teal
showing timepoint 1 growth, maroon showing timepoint 2 growth from timepoints, and yellow show timepoint 3 growth from timepoint 2. White asterisks highlight
areas of skeletal thickening, while orange asterisks highlight vertical extension.
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patterns across diverse species [28,32], the influence of changing
environmental conditions [12] and the impact of these changing envi-
ronments on physiological activity such as light harvesting [33,34].
However, end-point studies provide limited insight into the dynamic
processes of skeletal growth and do not permit the study of
intra-individual variability in growth, or how individuals may respond
differently to fluctuating conditions.

Advances in in vivo uCT [35] for the study of mice (Tourolle né Betts
et al. [36]) and other vertebrates [37] have enabled non-destructive
imaging of internal features in four dimensions (4D). By employing
low X-ray doses (Laperre et al., 2011, 434 mGy), rapid scan protocols
and a stationary stage, X-ray exposure is reduced while minimising
movement artefacts, facilitating repeated scanning of live animals
[38-40]. Here, we demonstrate the utility of in vivo uCT for quantifying
micron-scale skeletal growth of the well-studied model species Stylo-
phora pistillata, cultured at pH 8.0.

By enabling longitudinal, non-destructive monitoring of skeletal ar-
chitecture, in vivo uCT addresses a critical barrier in coral biology: the
inability to capture dynamic growth and dissolution processes in real
time. This capability has broad implications for improving the under-
standing of coral calcification when subjected to climate stressors,
alongside offering a means to probe the general mechanics of bio-
mineralisation across marine taxa. Tools that improve our ability to
make meaningful environmental comparisons in controlled aquaculture
conditions will improve our ability to predict future reef-scale responses
to ongoing ocean acidification and warming. In vivo pCT meets this
necessity, allowing for the novel resolution of skeletal dynamics at high
temporal (daily) and spatial (10 um) resolution which are essential for
predicting resilience and guiding conservation strategies. Here we
demonstrate the first application of this technique while presenting and
discussing image analysis strategies that facilitate the study of coral
skeletal growth dynamics in 4D.

2. Results
2.1. Assessment of skeletal growth using uCT

A S. pistillata fragment was cultured under controlled aquarium
conditions before transport in a sealed, temperature-stabilised container
to the Biomedical Research Facility, Southampton General Hospital. The
coral was scanned three times in its container over 16 days using a
MILabs U-CT system, yielding high-resolution (10 um voxel size) 3D
reconstructions of the coral skeleton. pCT datasets were registered and
segmented using a U-Net segmentation network trained within ORS
Dragonfly. Overlay of segmentation volumes generated 4D composite
datasets, facilitating the quantification of skeletal volume, porosity,
thickness, and timepoint-to-timepoint growth.

Skeletal growth was readily observable between timepoints dis-
played in Fig. 1 and Supplementary video 1, with vertical extension
visible at the leading skeletal edge (Fig. 1Ai-iii). Following alignment
and segmentation, quantification of calcification dynamics was possible;
between timepoint 1 (Fig. 1Ai) and timepoint 2 (Figure 1Aii), skeletal
volume increased from 629.09 mm® to 661.57 mm?>, or 4.64 mm® per
day, (+ 5.16% of skeletal volume overall). Meanwhile, between time-
point 2 and timepoint 3 (Figure 1Aiii), skeletal volume increased to
702.75 mm?, or 5.88 mm?® per day from timepoint 2 (+ 6.22% of skeletal
volume). Timepoint-to-timepoint growth volumes may be seen in
Fig. 1B, quantified in Fig. 1C. The average thickness of skeletal elements
was 240 pms at timepoint 1, 244 pm3 at timepoint 2, and 246 pm3 at
timepoint 3. Skeletal porosity remained relatively constant, decreasing
slightly from 31.30% at timepoint 1, to 30.31% at timepoint 2, and
29.73% at timepoint 3. Importantly, in addition to quantifying the
change in total skeletal mass, in vivo uCT permitted the visualisation of
skeletal growth at both external (Fig. 1D) and internal (Fig. 1E) surfaces.
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2.2. In vivo uCT to assess linear extension and calcification rate

To assess the comparability with existing measures of skeletal
growth, calcification rate and linear extension were calculated to
compare with buoyant weight and photogrammetry. Linear extension
was calculated using a convex hull-based approach. A convex hull was
created for each skeletal volume which enclosed each branch tip, and
the distance between hulls for each branch was quantified using a 3D
distance map. The tips of three branches were analysed separately,
calculating the average linear extension between time points. The
average daily linear extension was 57 (£ 2) pm between timepoints 1
and 2, increasing to 81 (+ 4) um per day between timepoints 2 and 3
(Fig. 2 A).

Skeletal volumes were converted to mass using the density of
aragonite (2.93 g/cm®), enabling the calculation of calcification rates.
The calcification rate was 0.0136 g/day between timepoints 1 and 2,
and 0.0134 g/day between timepoints 2 and 3. To facilitate comparisons
to other studies, calcification rates were normalised to the initial skeletal
volume at each interval. This yielded volume-normalised rates of
0.0216 g/day/cm?® for the timepoint 1-2 interval and 0.0203 g/day/
cm? for the timepoint 2-3 interval when normalised across the entire
coral fragment, shown in Fig. 2 A.

Following the observation that the most abundant sites of new
growth are localised to the branch tips, localised calcification rates were
also calculated for each branch tip (Fig. 2B). This yielded lower rates of
mass gain compared to the calcification measurements across the entire
coral fragment in grams/day (0.0027 + 0.0005 g/day between time-
points 1 and 2, 0.0030 + 0.0007 g/day between timepoints 2 and 3),
likely due to the previously described internal thickening occurring at
other internal skeletal areas. However, when normalised to the branch
tip volume, volume normalised calcification rate were greatly increased
versus the entire skeletal volume: 0.20 + 0.06 g/day/cm® between
timepoints 1 and 2, and 0.15 + 0.02 g/day/cm® between timepoints 2
and 3. In addition to being far greater than the whole-sample calcifi-
cation rate, the branch-by-branch volume normalisation revealed a high
degree of intra-branch variability, quantified in Fig. 2D and visualised in
Fig. 2E.

2.3. Interrogation of skeletal extension, thickening, and porosity using
uCT

Following segmentation, timepoint 1 was subtracted from timepoint
2, and timepoint 2 from timepoint 3, isolating the timepoint-to-
timepoint skeletal growth. This was separated into vertical extension
and lateral thickening for each growth period, visualised qualitatively in
Fig. 3. Between timepoints 1 and 2, 56.6% of new growth was vertical
extension, with 43.4% as internal thickening. At timepoint 2, vertical
extension continued to dominate, with 71% of new growth classified as
vertical extension and 29% as internal thickening. From this, both ver-
tical extension and internal thickening (Fig. 4) were interrogated sepa-
rately between time points.

2.4. Quantification of skeletal vertical extension

Vertical extension formed a highly interconnected structure at the
leading edge of the coral skeleton (Fig. 4A, B, C). Extending skeletal
elements had an element thickness of 75 ym between time points 1 and
2, increasing to 88 um between 2 and 3. (Fig. 4F, upper). The average
skeletal element length of growth between timepoints 1 and 2 was
162 um, slightly increasing to 170 ym between timepoint 2 and time-
point 3 (Fig. 4G, upper).

2.5. Quantification of skeletal lateral thickening

Areas of lateral thickening possessed far simpler structures than the
interconnected vertical extension growth, forming smaller growth areas
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Fig. 2. uCT for the assessment of linear extension and calcification rate. Three branch tips were isolated and the linear extension calculated (A). (B) Displays a
3D rendering of the individual branch tips, with timepoint-to-timepoint growth shown by colour; timepoint 1 in teal, timepoint 2 in maroon and timepoint 3 in
yellow. Calcification rate was calculated in grams per day, per cm® normalised to the volume of the coral fragment shown in (C). (D) Displays the localised
calcification rate, whereby each branch's leading edge was isolated, and the calcification rate normalised to the leading edge of each branch. (E) Showcases growth at

each branch tip.

surrounding the inside of skeletal pores, thickening the internal skeleton
(Fig. 4D, E). Regions of internal skeletal thickening possessed an average
element thickness of 33 um between timepoints 1 and 2, reducing
slightly to 31 um between timepoints 2 and 3 (Fig. 4F, lower). The
average element length of the connections within thickening regions
was 88 um between timepoints 1 and 2, decreasing to 51 um between
timepoints 2 and 3 (Fig. 4G, lower).

3. Discussion

Here, we demonstrate that in vivo uCT is a powerful, non-destructive
tool for quantitatively monitoring coral skeletal growth over time. This
approach enables both high temporal resolution visualisation (see
Supplementary Video 1) and quantification of skeletal extension and
calcification rates, while simultaneously resolving internal skeletal ar-
chitecture in an objective and reproducible manner. The bulk calcifi-
cation rates we obtained from in vivo pCT, 0.0216 g/day/cm?and
0.0203 g/day/cm3, are comparable to S. pistillata calcification rates
obtained from buoyant weight measurements reported by Biscéré et al
[41] and Tambutté et al [12] (0.02168 g/cme'/day). However, because
growth is not occurring evenly across the skeleton, our localised calci-
fication measurements revealed that calcification at the leading edge is

significantly elevated compared to that determined from considering the
entire skeleton. This suggests in vivo uCT can measure calcification in a
more granular way than existing bulk methods.

The mean linear extension of S. pistillata calculated using in vivo uCT
is 47 um per day between timepoints 1 and 2, and 74 pm per day be-
tween timepoints 2 and 3. These are consistent with observations of
Tambutté et al. [12], reporting daily extension of 58 ym in S. pistillata
cultured at pH 8.0 at 25°C. However, both our findings and those pre-
sented by Tambutté et al [12]. are significantly lower than those
observed in the field [42]. Additionally, we report that there is signifi-
cant inter-branch variability (Fig. 2 A) in linear extension, a finding
consistent with the study of other scleractinian corals ; Ruiz-Jones and
Palumbi [43], measured two axial polyps from the same colony of
Acropora hyacinthus and found a high variability in linear extension (22
+ 14 um).

As a methodology, in vivo uCT overcomes several issues that may
skew or add uncertainty to the calculation of coral calcification rate
when using existing techniques. For example, the incorporation of
internalised sediment is unaccounted for when calculating calcification
using the buoyant weight technique [5], a factor circumvented by in vivo
uCT’s ability to resolve these internalised features, although not
demonstrated here due to a lack of sediment incorporation in our sample
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Fig. 3. Separation of skeletal growth to isolate extension and thickening. (A) Visualises timepoint-to-timepoint growth en-masse, underlaid with the timepoint 1
(TP1) uCT scan. Overlaid onto this is vertical extension between timepoint 1 and timepoint 2 shown in blue, and extension between timepoints 2 and 3 shown in pink.
A vertical cut-through shown in (B) displays this further, as does a lateral section, across a branching region in (C). (D) Quantifies the distribution of new growth as
either vertical extension (Ex) or lateral thickening (Th) between timepoints 1 and 2, and 2 and 3.

set. Similarly, the alkalinity anomaly and buoyant weight estimate net
skeletal growth, meaning that the balance between skeletal growth vs.
dissolution is not discernible; in vivo uCT could overcome this limitation.
Importantly, the major benefit of in vivo uCT is the ability to monitor the
development of individual skeletal elements over time, which is simply
not possible using existing techniques.

This study demonstrates the power of in vivo puCT for non-
destructively monitoring coral skeletal growth at high temporal and
spatial resolution, although it must be noted that this is a single indi-
vidual study and future experimental studies should include future
multi-fragment replicates to account for inter-individual growth rates,
differing skeletal architectures, and differential stress sensitivities [44].
Despite the repeated exposure to doses of 430 mGy along with the
required temporary isolation of the corals from the culture system, coral
growth was not negatively affected within the 16 day window and was
comparable to experiments using different analytical methods [12].
However, although growth rates were comparable, this study was pri-
marily conceived as a short-term proof of concept study, and did not
directly assess physiological or molecular stress responses (e.g., oxida-
tive stress, DNA damage, or immune activation). Previous live imaging
studies in corals have demonstrated that imaging exposure can induce
sublethal stress responses under certain conditions [45] and broader
live-imaging literature emphasises the need to evaluate phototoxic and
radiobiological effects even in the absence of phenotypic changes [46].
In murine experimental models, comparable X-ray doses (Laperre et al.,
2011, 434 mGy) have been applied for the study of cortical and
trabecular bone, with no effects on cortical or trabecular bone structure,
while haematological blood cell count and function were not altered.
Therefore, while no macroscopic impairment was observed here — and
comparable doses appear to have minimal phenotypic effects in
mammalian models, subtle cumulative radiobiological effects warrant
targeted investigation in future studies.

Imaging of skeletons through the coral animal, surrounding
seawater, and the falcon tube does reduce contrast compared to con-
ventional desktop uCT, whereby dried coral skeletons are scanned [12,
31,47,48]. Importantly, the reduction in image quality does not impair
the resolution and analysis of skeletal element development, as shown in
Fig. 1 and Fig. 4, through the use of advanced deep learning segmen-
tation algorithms — a conclusion also reached by (Laperre et al., 2011)

and colleagues for the study of cortical and trabecular bone. The use of
deep learning algorithms for image segmentation, does provide a tech-
nological barrier to non-specialist imaging research groups, however the
detailed workflow in Supplementary material 1 does provide a
step-by-step guide to replicating this workflow. Furthermore, the 2025
software advancements provided by ORS Dragonfly improve workflow
accessibility, with the minimum requirements met by the majority of
mainstream laptops and workstations [49].

Importantly, the 16-day duration of this experiment was designed to
establish methodological feasibility and to quantify short-term skeletal
growth and calcification dynamics using in vivo pCT. While this time-
frame is sufficient to resolve fine-scale growth heterogeneity and
demonstrate reproducibility of the approach, it does not permit assess-
ment of longer-term skeletal processes. Seasonal growth periodicity,
remodelling of existing skeletal elements, and delayed stress responses
are expected to act on substantially longer temporal scales and remain
beyond the scope of the present study. Future studies employing
extended monitoring periods, replicated colonies, and multi-
environment experimental designs will be necessary to evaluate cumu-
lative effects and to fully characterise longer-term skeletal dynamics
under repeated in vivo imaging.

The ability of in vivo uCT to monitor skeletal growth in 4D offers
novel opportunities for integration into correlative multimodal imaging
(CMI) workflows. In such workflows, the in vivo uCT images are precisely
correlated with other imaging modalities (2D and 3D), with each scan
providing a skeletal timestamp, facilitating subsequent detailed studies
of skeletal responses to environmental stressors with a high temporal
granularity. The quantification of structural changes in real-time could
significantly refine predictive models of coral skeletal construction,
guiding our mechanistic understanding of how corals construct their
skeletons. Furthermore, this highly translational technique carries
exciting potential for the study of other marine taxa.

4. Methodology
4.1. Coral culture

A fragment (~15 mm in length) of S. pistillata was removed from a
coral colony cultured in the Coral Reef Laboratory at the University of
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Fig. 4. Quantification of vertical extension and lateral thickening. Skeletal extension may be observed (Ai) timepoint 1 (TP1), (Aii) timepoint 2 (TP2) and (Aiii)
timepoint 3 (TP3), allowing the visualisation of vertical extension from timepoint to timepoint in 2D (B — Biv, timepoint 1 outlines in white, timepoint 2 in blue, and
timepoint 3 in purple), and 3D (Ci - ii), with new growth shown as an overlay from the previous timepoint. Skeletal thickening was similarly shown with overlay
below, highlighting areas of visible thickening through the presence of an asterisk in 2D (Di, timepoint 1, Dii timepoint 2 and Diii timepoint 3) and in 3D (Ei, Eii).
Skeletal thickening and extension was quantified for both timepoints (timepoint 1-2 in grey, timepoint 2-3 in orange) with the mean values plotted for average
skeletal thickness (F) and branch length (G). (H) Displays a rendering of growth between timepoints 1 and 2, with extension shown in blue, emphasised by the blue
arrow and thickening shown in multi-colour (white arrow), with each multi-colour indicating a discrete thickening area. (I) Displays this for growth between

timepoints 2 and 3, with extension for this timepoint shown in pink.

Southampton since 2008 [50,51]. After fragmentation, the coral frag-
ment was attached to 50 ml conical centrifuge tube lid with cyanoac-
rylate glue and cultured for 22 days in a ~600 L recirculating system in
the Coral Reef Laboratory at the University of Southampton Waterfront
campus hosted at the National Oceanography Centre Southampton
(NOCS), using protocols for maintenance as reported previously
(D’Angelo and Wiedenmann 2012 [52]). Temperature, salinity, and pH
were continuously monitored through an Apex System (Apex A3,
Neptune Systems, USA). Temperature was controlled through titanium
stick heaters (Titanium Heater, D-D The aquarium Solution Ltd, UK)
attached to a controller (Dual Heating & Cooling Controller, D-D The
Aquarium Solution Ltd, UK) and kept at 26°C (+ 0.3). Salinity was
maintained at 34.5 + 0.61 psu. pH was supplementally measured once a
day using a portable pH meter (Mettler Toledo, SevenGo Duo SG98)
paired with a pH electrode with integrated temperature probe (Mettler
Toledo, InLab Pro) calibrated to the total scale (pHt) using Tris-HCl
buffers [53] across a temperature range of 24 — 28 °C. pHy was main-
tained at 8.00 + 0.05 by adding 2 g of reef foundation ABC+ (RedSea®)
daily. Light, 12 h light:dark cycle, was provided from LED overhead
lamps (Reef Pulsar, TMC, UK) at an intensity of ~150 umol quanta
m~2s71 at the depth of the coral fragments. Corals were cultured at
replete nitrate and phosphate levels that have previously shown to
promote growth of S. pistillata [52]. Circulation was provided within
each tank by a wavemaker pump (Jecod Wavemaker Pump). Total
alkalinity (At) was measured twice a week for the duration of the
experiment and averaged 2100 + 15.00 umol kg1, while a 70 L water
change was performed weekly. The experimental system and conical
tube lids were cleaned regularly to remove algae and other organismal
growth.

4.2. Invivo uCT

In vivo pCT scans were performed using the MILabs U-CT system at
Southampton General Hospital in collaboration with the Biomedical
Imaging Unit (Fig. 5A, B). The S. pistillata fragment was transported from
the NOCS by fastening the falcon tube onto the falcon tube lid, along
with seawater from the system, ensuring no air bubbles or headspace
within the tube. A plastic box was then filled with water at the same
temperature (26°C) as the aquaculture system and placed within an
insulated polystyrene box. Temperature was maintained using an
aquarium heater (DONGKER 10 W USB Water Heater). Samples were
transported from NOCS to Southampton General Hospital for scanning,
before returning to the aquaculture lab post-scanning. Samples were
scanned at three timepoints; 07/10/2024, 14/10/2024 and 23/10/
2024.

The falcon tube containing S. pistillata was removed from the plastic
box, the tube was dried and loaded into the MI-Labs U-CT scanner for
image acquisition. Raw projections were acquired (1440 projections
across 360°) with an exposure time of 75 ms and an X-ray voltage of 55
kVp. The X-ray current used was 0.17 mA, and a 500 pm Al filter was
used to pre-filter the beam, with the setup yielding an isotropic voxel
size of 10 um. Scanning duration was c. 6 min, with samples subject to
approximately 430 mGy (as estimated by the MILabs Acquisition Soft-
ware (version 13.72). Reconstructions were performed directly post-
scan using MILabs Reconstruction Software (version 13.14), whereby
tomograms were cropped and a Hann filter applied to reduce noise. Raw
3D reconstructions were outputted as NIfTI format files (.nii).

4.3. Image analysis

NiIfTil image stacks were imported into Dragonfly (Version 2024.1,
Build 1613) and the translate function was used to manipulate time
series datasets to an approximate alignment for each sample. Once
approximately positioned, the image registration plugin was used to
employ a “Maximisation of Mutual Information” algorithm, using a
coarse step (100 um 3D translation, 2° 3D rotation) followed by a fine
step (5 um 3D translation, 0.01° 3D rotation), providing voxel-by-voxel
registration. Once registered, timepoints 2 and 3 of each sample were
resampled to match the geometry of timepoint 1 for image segmenta-
tion. Image segmentation was completed using a 2D UNet trained within
Dragonfly (Fig. 1D). Eleven evenly spaced slices from each timepoint of
each sample were manually segmented into two classes (Skeleton and
Background). The deep learning model used had an initial filter count of
32, depth of 4, patch size of 64, batch size of 16, with a stride ratio of
0.75. A dataset augmentation factor of 5 was used, with augmented
brightness (80—120) and scale (80—120). The UNet trained for 53
epochs, stopping early due to 15 consecutive improvement-less epochs.

Model accuracy was assessed using Dragonfly’s integrated deep
learning model evaluation tool, with a Dice score of 0.968 and model
loss of 0.026. The segmentation comparison tool was then used to
compare a subset of unseen data, segmented by both the segmentation
model and manual annotation, yielding an accuracy value of 0.97, a true
negative rate of 0.986, and a true positive rate of 0.947 (where 1 denotes
perfect segmentation). Repeated study of the same sample, scanned in
exact replicate conditions, led to the generation of three datasets with
highly similar noise, contrast and features. Future studies implementing
this workflow may require greater optimisation of deep learning seg-
mentation algorithms to ensure results obtained are reliable, should
datasets vary more significantly than those studied here.

The 2D UNet was then applied to each dataset (Fig. 1C), to yield a
segmented 3D volume (Fig. 1C). The “Process Islands” tool was then
used to isolate the largest connected structure, using a 26-connected
“Isolate Largest” function, removing non-connected islands. In addi-
tion to volume, a 3D thickness map was created from the 3D volume, to
quantify local skeletal 3D thickness throughout the structure — shown in
Fig. 5F. To quantify skeletal porosity, the automated porosity extraction
“AO Porosity” was utilised. Following this, a visual inspection confirmed
that all pores were isolated (Fig. 5D). Skeletal porosity was quantified as
a percentage of total skeletal volume. Each timepoint had the previous
timepoint’s skeletal segmentation subtracted, to yield skeletal growth
between timepoints.

4.4. Quantification of linear extension

To quantify skeletal linear extension between timepoints, a filled
convex hull was generated for each of the segmentation datasets (Figure
6Ai-iii). The convex hull from Timepoint 1 was subtracted from that of
Timepoint 2, yielding a volume encapsulating all skeletal growth
deposited in that timepoint (Fig. 6B). This volume was then inverted and
subtracted from the timepoint 2 skeleton ROI, isolating a "growth band”,
containing skeleton that was deposited between timepoints 1 and 2
(Figure 6Bi). This process was repeated between timepoints 2 and 3. This
yielded 3 distinct regions of interest, localising at each of the 3 branch
ends (Fig. 6C) for each of the 2 growth periods. These 3 regions were
quantified separately, facilitating branch-by-branch comparisons of



J. Trend et al.

Tomography of Materials and Structures 11 (2026) 100083

Thickness
(Um?)
500

300

Fig. 5. In vivo pCT setup, scanning and analyses. MILabs pCT scanner used for live in vivo uCT scanning (A) with a view of the bed used for loading coral samples
(B). uCT datasets were imported into Dragonfly, and 11 images from each dataset were manually segmented and used as model inputs, permitting the training of a 2D
UNet (C) to segment whole, greyscale uCT datasets — as seen in (D), into pixels attributable to the coral skeleton and background, allowing the extraction of internal
porosity (E). Following this separation, a volume thickness map was then generated (F), detailing the 3D thickness of the coral skeleton.

linear extension.

Finally, to quantify this linear extension, a 3D distance map was
computed from the skeleton at Timepoint 1. The mean distance of each
skeletal branch ROI to the timepoint 1 dataset was then calculated,
providing a quantitative metric of linear skeletal extension. This was
then divided by the number of days between timepoints to yield an

average daily linear extension

4.5. Calculation of skeletal calcification

Once week-by-week growth was calculated, the total volume of new
growth was recorded, and this singular region of interest was used to: (1)
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Fig. 6. In vivo pCT for the calculation of skeletal linear extension. The creation of a convex hull for (A) timepoint 1 (TP1), (Ai) timepoint 2 (TP2), and (Aii)
timepoint 3 (TP3) and (Aiii) subsequent overlay of all timepoints, allows for the isolation of areas growth between timepoints, as shown in (B), to isolate the external
skeletal growth between timepoints (Bi). The growth localised around the branch tips, as shown in (C).

calculate calcification rate, and (2) to be separated into vertical exten-
sion and lateral thickening. To calculate calcification rate, the skeletal
volume at timepoint 1 (Vipjtia) was subtracted from timepoint 2 (Vgpay),
to yield the total growth volume between timepoints. This was multi-
plied by the density of aragonite (paragonite, 2.93 g/ em®) [54] as shown in
Equation 1, yielding mass growth (grams). From this, the mass calcifi-
cation rate (MCR, grams/day) was calculated (Equation 2) and then
normalised to Vipitial, as @ measure of normalising for the coral's initial
volume (Equation 3, grams/day). This was repeated between timepoints
2 and 3. This was completed for both the entire skeletal fragment, and
for each of the branch tips isolated for the calculation of linear exten-
sion. The convex hull from timepoint 3 was inverted and subtracted
from each timepoint’s skeletal segmentation. This isolated the leading
edge of each branch, but rather than creating smoothed hulls for the
calculation of an average linear extension, the internal microstructure
was retained for volumetric normalisation. Together, this yields calci-
fication rate normalised to the whole fragment and a localised calcifi-
cation rate.
Equation 1: Mass growth (AM, grams)

AM = (Vfinat — Vinitia)Xp — aragonite
Equation 2: Mass Calcification Rate (MCR, grams/day)

AM
MCR= —
At

Equation 3: Volume normalised calcification rate (MCRyorm,

grams/day/cm®)
MCR

initial

M CRnnrm =

4.6. Isolation of skeletal vertical extension and lateral thickening

Timepoint to timepoint skeletal growth was then split from a singular
region of interest into a multi-ROI Each island under 100 ym® was
removed as noise. Through the calculation of each voxel-islands
maximum centre of mass, the multi-ROI was separated into vertical
extension, observed at the growing edge, and areas of skeletal thick-
ening (other islands that are > 100 um®). Once again, in addition to
volume, a volume thickness map was generated providing insight into
structural variation across the sample. A dense graph was used in par-
allel to detail the spatial patterning of new skeletal growth. The average
distance between branching points was quantified and herein termed
the average skeletal element length. Image analysis was completed on a
workstation with 256 GB of RAM, an AMD Ryzen Threadripper PRO
5975WX 32-core processor, and an NVIDIA GeForce RTX 4090 GPU. The
workflow was also validated on a Dell Imaging Laptop, with 32 GB of
RAM and an NVIDIA GeForce A200 GPU to ensure the worlflow is
compabible with lower capacity workstations. A detailed workflow di-
agram may be observed in Supplementary Figure 1.
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