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ABSTRACT

In industrialized countries, an estimated 10 to 20 % of the population carries at least one tattoo, making the dermal deposition
and systemic migration of tattoo pigments a relevant public-health concern. Their biokinetics remain poorly understood, partly
due to a lack of suitable imaging methods. Here, we present a multi-scale, multimodal imaging approach that combines
synchrotron-radiation single-grid phase-contrast X-ray micro-computed tomography (micro-CT), synchrotron-radiation Zernike
phase-contrast X-ray nano-CT (nano-CT), and transmission electron microscopy (TEM) to investigate tattooed skin in a
28-day porcine model and in a human biopsy with an allergic reaction to an unknown red pigment. Micro-CT resolved the 3D
distribution of pigment agglomerates within segmented skin layers and tracked the immune response at days 7, 14, and 28,
revealing swelling at day 7 that subsided by day 28. Volume quantification recovered only 6.4 % of the expected TiO2 content,
revealing a key limitation of micro-CT. Nano-CT resolved the internal architecture of these agglomerates at higher resolution,
showing individual TiO2 particles remain separated by soft tissue rather than merging. TEM complemented both modalities by
visualizing single TiO2, copper phthalocyanine (CuPh), and weakly absorbing red pigment particles undetectable by CT alone.
Together, these modalities span length scales from whole biopsies to single nanoparticles, offering a framework for evaluating
tattoo ink safety in dermatology, toxicology, and regulation.

Introduction

In industrialized countries, an estimated 10 to 20 % of the population carries at least one tattoo, leading to widespread exposure
to inks that can be absorbed and distributed in the body'?. Beyond body art, such as permanent make-up, tattoos also have
medical uses, such as nipple-areola reconstruction after mastectomy>*. Due to concerns about hazardous ink components,
the EU introduced unified chemical regulations in 2020, while oversight in other countries remains inconsistent>’. These
regulatory efforts respond to a range of documented health effects in tattooed individuals. Adverse reactions to tattoos can
occur locally within the tattooed area or, in some cases, manifest systemically®. Allergic reactions in red tattoos linked to
organic azo pigments are a particular challenge, and metal abrasion from needles may also release sensitizing metals’. Despite
recent reviews, the biokinetics of tattoo inks remain poorly understood!’. Previous studies addressed the metabolism of tattoo
pigments in rat and human microsomal systems'!, and showed a partial disappearance of pigment from mouse skin within



six weeks!? as well as its distribution to other organs such as the liver'>. A recent study has extended this work to a porcine
model'* using a blue tattoo ink (Periwinkle, Eternal Ink EUROPE GmbH, Germany) that mainly consists of TiO, and copper
phthalocyanine blue (CuPh; CI 74160)'3. Porcine skin closely resembles human skin, but its properties vary across anatomical
sites; the study therefore focused on the inner thigh, which most closely matches human skin in both thickness and texture. The
findings show that tattoo ink migrates from the skin to the lymph nodes within 28 days, with no detectable distribution to other
organs'“. In the present study, we further investigate the skin of these pigs. In addition, two human biopsies are examined,
one with an allergic reaction to a similar blue tattoo ink (also containing TiO, and CuPh) and one to an unknown organic red
pigment. For this purpose, we employ a multi-scale imaging approach combining micro- and nano-CT with transmission
electron microscopy (TEM). These techniques were assessed both for the insights they provide into the biokinetics of tattoo
particles within the skin and for their suitability in future tattoo pigment studies.

Results

Micro-CT

A slice of a biopsy obtained from healthy, tattooed pig skin on day 28 and acquired using the micro-CT setup is shown in
Fig. 1(a). To assess the agglomeration of tattoo particles within the skin, the individual skin layers, epidermis, dermis, and
hypodermis, were segmented using Dragonfly 3D World 2025 (Comet Technologies Canada Inc.). Tattoo particles were
segmented using a threshold of 395 nm ™2 and above and are highlighted in light green. Fig. 1(c) shows a line profile through a
tattoo particle and highlights in green the segmented region. The adipose tissue clearly separates the hypodermis from the
dermis. During dehydration with ethanol and clearing with xylol, lipid content is extracted!®!”, leaving voids in the tissue
that are subsequently filled with paraffin during embedding. The paraffin-filled regions within the hypodermis are indicated
by the yellow arrow. In addition, two blood vessels are marked by turquoise arrows. Individual tattoo particles are too small
to be detected directly, as their sizes (TiO»: 389.3 4= 16.8 nm; CuPh: 61.3 +-2.3 nm) are smaller than the effective pixel size
(Pefr = 2.554 um). However, as previously reported'®, these particles form agglomerates within the skin that are detectable by
micro-CT imaging. These agglomerates are clearly observed below the epidermis in the upper dermis. CT imaging allows
quantification of their depth below the skin surface. The mean depth was determined to be 163 =90 um, and the corresponding
depth distribution is shown in Fig. 1(b). This depth should be regarded as approximation, as the embedding process caused
substantial deformation of the sample. To evaluate whether CT imaging can quantify tattoo particle volume, we determined the
total segmented volume as 0.093 mm?>. Subsequently, the segmented volume was used to render a three-dimensional volume in
Suppl. Fig. S3.

The morphological changes of the skin over time at 7, 14, and 28 days after tattooing are shown in Fig. 2(a), (b), and
(c), respectively. In addition, regions of interest (ROIs) at the different time points are shown in Fig. 2(d—i). By day 7, the
tattoo particles have accumulated beneath the epidermis. Furthermore, a skin swelling reaction is present where no tattoo
particles are present. By day 14, the swelling of the skin had reduced, diminishing the distance between them and the epidermis.
Furthermore, an immune response is evident, with several particle clusters being encapsulated and subsequently expelled from
the skin. At day 28, neither immune reactions nor swelling are detectable in the skin. The tattoo particles also accumulated in a
smaller region within the skin. In Fig. 4(a) and (d), micro-CT slices of the porcine skin tattooed with the blue ink, already
shown above, and of the human biopsy with the organic red pigment are depicted, respectively. The micro-CT of the human
skin biopsy from the allergic reaction to the unknown red pigment reveals significant morphological differences that extend
beyond the usual variance between human and porcine skin. The tattooed human skin shows a granulomatous dermatitis, which
is common for red tattoos, and pseudolymphomatous inflammation. The epidermis on the bottom is visibly thickened and
partially ruptured on the left. The dermis is divided into a lower- and a higher-electrondensity layer, suggesting increased
collagen density as part of the immune response. The small, darker nodules beneath the epidermis, indicated by the black and
yellow arrows in Suppl. Fig. S2, likely represent accumulations of immune cells.

Nano-CT

The samples were further investigated at higher resolution using the nano-CT to examine the behavior of individual TiO;
particles within the tissue. Fig. 3(a) and (b) show slices through two different ROIs of the skin sample harvested at day 7 after
tattooing. A ROI containing tattoo particles is shown in Fig. 3(c). In Fig. 3(a), the particles are more dispersed and show only
minor agglomerates, whereas in Fig. 3(b) they exhibit more pronounced clustering. Despite this local accumulation, most
particles remain separated by soft tissue and do not merge into a single larger particle.
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Figure 1. Segmented tomogram of electron density of tattooed porcine skin at day 28. In (a) the epidermis, the dermis, and
the hypodermis are segmented, as well as the paraffin in which it is embedded. The tattoo particles, highlighted in bright green,
agglomerate beneath the epidermis in the upper region of the dermis. The depth distribution is plotted in (b). (c) plots the signal
through a tattoo particle agglomerate and shows the signal identified as tattoo particles.
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Figure 2. The tomograms of electron density of the tattooed porcine skin harvested at day 7, day 14, and day 28 are shown in
(a), (b), and (c), respectively. The ROISs in (a), (b), and (c) are depicted in (d) & (g), (e) & (h), and in (f) & (i), respectively.
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Figure 3. Tomograms acquired at the nano-CT setup. (a) and (b) show a slice through two different ROIs from the skin
sample at day 7 tattooed with the blue ink. The TiO, particles are visible in black. (c¢) shows a ROI within (b) where single
tattoo particles are visible. The images are all windowed the same for maximum visibility.

TEM

Lastly, the sample was investigated using TEM. Using the micro-CT images in Fig. 4 (a, d), a ROI was selected for TEM
imaging, for further investigation of the tattoo ink deposited in the skin. As depicted in Fig. 4 (b, c, e, f) all three different color
molecules, TiO,, CuPh and the organic red color, are detectable, as pointed out by the blue, white, and red arrows, respectively.
Because the different pigments exhibit distinct structures and sizes, they are distinguishable.

Figure 4. Images acquired using the micro-CT setup, (a) and (d), and TEM imaging, (b, c, e, f). The porcine skin tattooed
with the blue ink is shown in (a-c), while the human skin biopsy with the organic red pigment is depicted in (d-f). Examples of
the different pigments are indicated by blue (TiO;), white (CuPh), and red (organic red pigment) arrows.
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Discussion

The aim of this work was to further investigate tattooed skin using several imaging setups and to evaluate their feasibility for
the analysis of tattoo inks.

Initially, the samples tattooed with the blue tattoo ink were examined at the micro-CT setup. As shown in Fig. 1, the
segmentation of tattoo particles was possible, although they are smaller than the effective pixel size of the setup, due to their
tendency to form agglomerates. In addition, the different skin layers could be clearly distinguished and segmented, allowing
investigation of the spatial distribution of tattoo particles within the tissue. The majority of the particles were found beneath the
epidermis, primarily within the upper dermal layer, as further shown in Suppl. Fig. S3. However, the exact depth distribution
remains difficult to determine because the sample undergoes deformation during the embedding process.

To account for this deformation, the shrinkage of the surface area of the embedded skin sample was quantified using Lindblad’s
weighted local configurations algorithm'®. The calculated surface area of the embedded sample was 12.8 mm?, compared with
28.3 mm? for the untreated sample, corresponding to the area of the 6 mm punch. This corresponds to a shrinkage of 54.7 % in
two dimensions and 32.7 % in one dimension. Assuming similar shrinkage behavior for the dermis and hypodermis as for the
epidermis, a corrected mean particle depth of 242 4+ 134 pymm was estimated. However, this assumption may not be fully valid.
While no studies on porcine skin shrinkage during paraffin embedding are available, investigations on canine’’~>> and feline
skin?? report a wide range of shrinkage in one surface dimension, ranging from 18.0 % to 37.7 %. The shrinkage observed in
this study is therefore consistent with published values. Interestingly, studies on cat and dog cadavers reported an unintuitive
effect: although samples shrank in length and width, the tissue depth increased by up to 75.8 %>%23. Assuming a maximal
depth expansion of 75.8 %, the corrected mean particle depth would be 92.7 £51.2um. Nevertheless, no indication of the
unintuitive depth expansion reported in canine and feline studies was observed for the epidermis, suggesting that 220 4 122 pm
is likely closer to the true value.

CT imaging was further evaluated as a method to quantify the volume of tattoo particles. Cambiaso et al.'# reported a titanium
content of 130+ 40g/ m?, which corresponds to 1.45mm? of pure TiO, in the sample taken by the 6 mm punch. However,
only a volume of 0.093 mm? was detected, corresponding to just 6.4 % of the expected content. Thus, quantitative volume
determination of tattoo particles proved unfeasible. Several factors may contribute to this discrepancy. First, not all TiO,
particles form agglomerates. Particles that are homogeneously distributed within the dermis remain below the detection limit, as
their size is smaller than the effective pixel size. These particles contribute only to a slight increase in background intensity that
cannot be reliably distinguished. Second, the segmentation threshold was conservatively selected to minimize noise originating
from dermal tissue. As illustrated in Fig. 1(c), a line profile across a tattoo particle shows that only part of the particle width
can be confidently assigned due to the absence of a well-defined edge. This effect can lead to a substantial underestimation of
particle volume, particularly in three-dimensional reconstructions.

In contrast, imaging tattooed skin at several time points after tattooing (see Fig. 2) demonstrated strong potential for investigating
the tissue response to tattooing, including allergic reactions, which are frequently associated with red tattoo pigments. Distinct
morphological changes were observed at the three investigated time points, suggesting that a more detailed temporal study with
shorter intervals would be highly informative. In the present specimen, pronounced skin swelling was observed at day 7. The
tattoo particles accumulate beneath the swelling and are thus detectable, yet remain widely distributed throughout the skin.
By day 14, the immune response persisted, but the swelling had decreased. Additionally, another immune response became
apparent: the skin attempts to encapsulate the tattoo particles and expel them from the tissue. The shedding of tattoo particles
by the skin is evident in the skin rendering in Suppl. Fig. S4. While some particles are removed in this process, the majority
remain within the skin. By day 28, the immune response appears to have subsided, and the tattoo particles remain stationary
beneath the epidermis. Notably also the region over which the tattoo particles are distributed was reduced in comparison to day
7.

While these macroscopic tissue responses could be characterized using the micro-CT setup, the behavior of individual tattoo
particles could not be resolved at the micro-CT scale. For this reason, measurements at the nano-CT setup were of particular
interest. At this scale, individual TiO; particles could be directly imaged and analyzed. As shown in Fig. 3(a), particles are
initially dispersed within the tissue, although agglomeration has already begun. Figures 3(b) and (c) present zoomed-in views
of one agglomerate, like the ones that were previously segmented in the micro-CT dataset. Contrary to the expectation that
particles would merge into a uniform structure, individual particles remain separated by soft tissue. In addition, isolated
particles and small clusters are visible. These observations confirm that micro-CT alone cannot recover the full tattoo particle
volume. Individual particles simply remain below its resolution limit.

Furthermore, we investigated the human skin tattooed with the organic red pigment (Fig. 4 (d)). Organic red pigments are
known to cause allergic reactions’. Although the red pigment itself provides insufficient contrast to be imaged directly with
micro-CT, the morphological changes it induces in the skin can still be investigated. The reaction was pronounced but differed
markedly from that caused by the blue ink: whereas the blue pigment, both in the porcine skin at day 7 and in the human skin
(Suppl. Fig. S1), produced swelling of the subepidermal tissue, the red pigment induced strong swelling of the epidermal
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tissue together with an accumulation of immune cells, as shown in Suppl. Fig. S2. The micro-CT data of both human and
porcine skin can be used to identify and select small regions of interest for subsequent TEM analysis. In the blue tattooed skin,
both TiO; and CuPh particles can be directly visualized. Notably, TEM is the only imaging modality in this work capable
of visualizing CuPh particles. This confirms their presence in the tattooed skin alongside TiO,. Furthermore, TEM enables
the detection of the organic red pigment in the red-tattooed skin. Although its particles are comparable in size to the TiO,,
they appear to cluster far less: while Fig. 4 (¢) shows roughly 20 to 30 TiO, particles, Fig. 4 (f) depicts only about five. This
suggests two complementary explanations for why micro-CT cannot image the red pigment: the electron-density difference to
the surrounding tissue is too small, and too few particles accumulate to be visualized. The clustering behavior of different
tattoo inks should therefore be the subject of further investigation.

The combination of the three imaging modalities provides comprehensive insight into the morphology and distribution of tattoo
particles within the skin. Micro-CT imaging enables the visualization of larger particle agglomerates and therefore provides
information about the spatial localization of tattoo pigments. In addition, it reveals structural changes associated with the skin’s
immune response. Nano-CT imaging complements these findings by providing higher spatial resolution, allowing a more
detailed investigation of the particle agglomerates. At this resolution scale, the internal structure of the TiO, agglomerates
becomes visible, including soft tissue components located within the aggregates. Finally, TEM enables the detection of even
smaller particles, such as CuPh, as well as weakly absorbing materials like the organic red pigment. In future work, scanning
electron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDX) could further support the chemical
characterization of individual particles.

Overall, the multimodal imaging approach presented in this work demonstrates strong potential for advancing tattoo ink research.
By combining complementary imaging techniques across multiple length scales, we achieve a more detailed understanding of
the distribution, morphology, and tissue interactions of tattoo pigments. This can improve the evaluation and selection of newly
approved tattoo inks — and ultimately increase safety for the growing tattooed population. Additionally, as tattoo particles are
a form of nanoparticulate materials, the multimodal imaging approach will advance nanoparticle research at the tissue particle
interface.

Material and Methods

Experimental Setups

Three different setups were used in this work to enable measurement at different length scales and using different modalities. In
the following, the main parameters of the micro-CT, nano-CT and transmission electron microscopy (TEM) setups are briefly
described.

Micro-CT

The micro-CT experiments were conducted at the High Energy Materials Science Beamline PO7, which is operated by
Helmholtz-Zentrum Hereon at PETRA III, DESY in Hamburg, Germany?*~2°. A sketch of the experimental setup is depicted
in Fig. 5 (a). The beam originates from a 4 m long in-vacuum undulator and is filtered to the desired energy using a bent
Laue double-crystal monochromator. For all experiments in this work, an energy of E = 37keV was used to balance sufficient
transmission through the metal-containing tattoo particles with the stronger phase-contrast achievable at lower energies. The
X-ray beam first passes a modulator, which is a Talbot array illuminator with a period of 10 um?’. Its design height corresponds
to imparting a 27/3 phase shift to parts of an X-ray wavefront with an energy of 40keV, which was the closest available
specification to the energy used in the experiment. Next, the beam passes through the sample, which is located on a rotation stage
at a distance / = 175 mm from the modulator. Lastly, the X-rays reach the scintillator, placed a further distance d = 700 mm
downstream. It is connected to a CMOS-based camera with an array of 6720 x 4764 pixels, each with a pixel size of 6.9 pm.
Together with the 5.1-fold magnifying optics, the calibrated effective pixel size after 2-fold binning was 2.554 um. The
projection data were acquired by continuously rotating the sample by 180° while capturing 3001 projections with an exposure
time of 50 ms each. After each tomographic scan, the modulator was moved into its next lateral position, and the scanning
procedure was repeated for a total of 16 modulator positions. Further information is given in the Suppl. Sec "Micro-CT Data
processing".

Nano-CT

The nano-CT experiments were conducted at the Nanotomography endstation of the P05 beamline operated by the Helmholtz-
Zentrum Hereon at PETRA III, DESY in Hamburg, Germany, as depicted in Fig. 5 (b). At the PO5 beamline, the X-rays
are produced by an U29 Undulator with a length of 2 m. It creates a 36.0um x 6.1 pm large source size with a divergence of
28.0urad x 4.0urad”®. A Si-111 double crystal monochromator tunes the energy to 11 keV. The images are acquired with a
Hamamatsu C12849-101U detector, which has a pixel size of 6.5 um and a chip size of 2048 x 2048 pixels. A direct 1:1 coupled
10 um thick scintillator is utilized for visual light conversion?”. For the measurements, a Zernike phase-contrast Transmission
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Figure 5. Schematics of the three imaging setups used in this work. (a) Single-grid phase-contrast micro-CT setup at beamline
P07 (PETRA 1III, DESY), where the monochromatized X-ray beam passes through a Talbot array illuminator (modulator)
before impinging on the sample, and the beam deflection induced by the sample is recorded at the detector. (b) Zernike
phase-contrast nano-CT setup at the PO5 beamline (PETRA III, DESY), using a beam-shaping condenser, an Order Sorting
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microscopy (TEM) setup (JEOL JEM 1400 Plus, BfR).
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X-ray Microscope (TXM) was set up. It uses a beam-shaping condenser as a first optic with 100 um x 100 um large fields and
a Fresnel Zone Plate (FZP) as an objective lens, which is placed behind the sample*’. The FZP is made out of gold with a
diameter of 300 um and an outermost zone width of 50 nm, resulting in an unbinned effective pixel size of 46.41 nm. To create
the enhanced phase-contrast, a Z-shifting phase ring is placed in the back focal plane of the FZP. Due to the refraction within
the sample, the path of the interacting X-rays is changed. Hence, only a part of the beam passes through the phase ring and
receives the additional phase shift. The non-shifted and shifted parts of the beam interfere at the detector, creating a contrast
boost?®. The data is acquired with a continuous sample rotation over a range of 180° and 3112 projections, each exposed for
250 ms. Afterward, they are reconstructed with TomoPy>'.

Transmission Electron Microscopy (TEM)

The TEM images were acquired using a Jeol TEM, the JEM 1400 Plus, outlined in Fig. 5 (c). The TEM was operated at 120kV
and 64 pA. Individual cells were first surveyed at magnifications of 12000x to 15000x, which suffices to spot intracellular
nanomaterials. Cells containing such material were then imaged at 25000x to 40000x magnification. The images were
acquired with an Olympus camera using the software ITEM (Olympus, Version ITEM-E-23082007). Further image analysis,
such as the measurement of dimensions (length, width, and diameter), was carried out using Image J (Version 1.53a).

Samples
In this work, a total of seven porcine skin samples, of which four are shown in this paper, and two human skin biopsies were
investigated. While the porcine samples were obtained from a dedicated study, the human biopsies stem from clinical routine.

Tattoo Inks

For the porcine study, the ink with the highest titanium content was selected from ten different tattoo inks (Periwinkle, Eternal
Ink EU ROPE GmbH, Germany). The two main components of the tattoo ink were TiO, and CuPh blue (CI 74160)'3. The
titanium content is 211.49+ 3.79 g/kg and the copper content is 5.68+ 0.01 g/kg. The TiO; particles have a mean diameter
of 389.3+ 16.8 nm, an attenuation coefficient of prio, = 7.54cm~! at an energy of 36.86keV and an electron density of
1221 nm~3 at a density of 4.26 g/cm?32. The CuPh particles with a diameter of 61.34 2.3 nm only have an attenuation
coefficient of pcypn = 1.42 cm~ ! at 36.86keV and an electron density of 496 nm 3 ata density of 1.62 g/cm333. A blue ink
with the same main components (TiO, and CuPh) was also present in one of the human tattoos sampled at the hospital, which
allowed us to study these pigments in human skin as well. In addition, a biopsy containing an unknown red pigment was taken.
This sample was of particular interest, as red tattoo inks are more prone to allergic reactions than inks of other colors.

Human

The two human tissue samples investigated in this work were obtained during standard therapeutic procedures performed
as part of routine clinical care at AZ Sint-Jan Brugge AV, Bruges, Belgium, and not as part of a study or experiment. The
Ethics Committee (Commissie voor Ethiek) of AZ Sint-Jan Brugge AV (chair: Dr. Barbara Brouwers) reviewed this case report
(internal EC no. 3920; Belgian registration number B0492026000013) and approved its publication on 9 October 2026, under
the conditions that professional confidentiality is respected, written informed consent was obtained, and the anonymity of the
patients is guaranteed. Written informed consent was obtained from both patients for the use of the collected material for
scientific purposes and publication. All methods were carried out in accordance with the relevant guidelines and regulations,
including the Declaration of Helsinki. The first tattoo was located on the right upper arm and contained an unknown organic
red pigment. The patient exhibited two independent allergic reactions, a pseudolymphomatous and a granulomatous reaction, in
2013 and 2022. On both occasions, the tattoo was treated by shaving, and in 2022, shades of brown were visible at the tattoo
site. The second sample is from a tattoo extending from the left thigh to the ankle joint, which showed an allergic reaction to
the blue tattoo ink containing titanium dioxide (TiO,) and CuPh.During the first weeks of the patient’s second pregnancy, the
most recently applied blue tattoos showed skin reactions with itchiness and plaques, while older sites tattooed with the same
blue pigment reacted more weakly. As the affected areas became infected, the patient underwent antibiotic treatment. Further
information about the patients is subject to data-protection regulations.

Animal

All porcine skin samples were collected as part of Janos Cambiaso-Daniel et al.’s study of tattoo pigment biokinetics in vivo in
a 28-day porcine model'#. The study began in April 2022 and lasted four weeks, during which the animals were anesthetized
four times. Tattooing was performed on day 1, followed by punch biopsies on days 7, 14, and 28. Skin biopsies were obtained
using 6 mm punch biopsies and were collected under general anesthesia, sutured with a single stitch, and covered with a medical
dressing. The samples collected after 7, 14, and 28 days are displayed using the micro-CT setup. From the sample taken at
day 7, additional punch biopsies were taken for investigation at the nano-CT setup. Further information is given in the Suppl.
Sec "Sample preparation"”. All animal procedures were approved by the Austrian Federal Ministry of Education, Science and
Research (BMBWEF; application no. 2020-0.193.102) and conducted in accordance with Directive 2010/63/EU. This study is
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reported in accordance with the ARRIVE guidelines. Four female pigs (8 weeks old; 19.6+ 2.7 kg) were acclimatized for 10
days before the study and housed in pairs with free access to food and water. All procedures were performed by veterinarians
and/or qualified personnel. After euthanasia on day 28, the regional lymph nodes and selected internal organs were collected.
As no significant amount of tattoo particles has been found in any of the internal organs, they have been excluded from this
study. Detailed procedures of anesthesia, euthanasia, tattooing, and organ removal are provided by Cambiaso et al.'* and are
available in Suppl. Sec. Animal Procedures.
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