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bstract

Iodine staining combined with X-ray computed tomography (CT) has become a core approach in anatomy, offering three-dimensional and
ssentially non-destructive imaging of soft tissues. Although there have been rapid advances in methodologies and techniques, the mechanisms
nderlying diffusible iodine contrast-enhanced CT are not yet fully understood. The protocols for staining samples of differing sizes and tissue
ypes have not yet been justified theoretically. Here we utilize mass transfer modeling to simulate iodine diffusion and predict iodine concentrations
ithin distinct tissue types. We also undertake iodine staining experiments to visualize the detailed anatomy and contrast effects on whole-body

vian specimens using different concentrations of iodine solution to compare with model simulation results. The simulations effectively explain
ost observed concentration changes in differently-sized samples over distinct iodine treatment durations. These results also provide insight into

he mechanisms behind the efficacy of solution replenishment for enhancing staining effects. Both consistencies and inconsistencies between

ur simulation and experimental results regarding iodine concentration in tissues will inform further investigations to optimize iodine staining
rotocols.

 2018 Elsevier Ireland Ltd Elsevier B.V. and Nanjing Institute of Geology and Palaeontology, CAS. Published by Elsevier B.V. All rights reserved.
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.  Introduction

DiceCT (diffusible iodine contrast-enhanced computed
omography) has been used to image a diversity of specimens
ncluding flowers, tiny insects, isolated organs and whole bod-
es ranging in size from embryos to large vertebrates (Aslanidi
t al., 2013; Holliday et al., 2013; Li et al., 2015, 2016; Gignac
t al., 2016). The new method is becoming an essential tool in

natomical studies, and has the potential to advance other dis-
iplines such as functional morphology (Holliday et al., 2013;
erdina et al., 2015; Kupczik et al., 2015). Although the num-
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er of published studies using diceCT has increased rapidly, the
ationales for particular staining protocols have not been explic-
tly defined for different types of specimens (Metscher, 2009a,
009b; Gignac et al., 2016). Operationally, it is often personal
reference and experience that have influenced what specific
rotocol is applied to a specimen, in part due to a limited under-
tanding of the physical and chemical mechanisms of iodine
taining (Lecker et al., 1997).

During diffusion-based staining, iodine concentration and
taining duration are the most critical parameters that need to
e validated and optimized (Tahara and Larsson, 2013; Gignac
t al., 2016; Li et al., 2016). Iodine species travel across the
olution-specimen boundary (often comprising integument in

hole organisms), move into the specimen, and bind with dis-

inct tissues differently (Li et al., 2015). Because of the complex
eactions between iodine and different tissues, it has been dif-
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cult to optimize staining protocols for different specimens or
tudies (Tahara and Larsson, 2013). Practical problems com-
only encountered in staining include both over-staining and

nsufficient staining as a consequence of inappropriate stain-
ng duration and/or iodine concentration (Jeffery et al., 2011;
ignac et al., 2016). This can complicate identification, visual-

zation, and interpretation of the investigated anatomy. Solving
hese problems requires better understanding of the relationship
etween quantitative contrast; iodine concentration, penetration,
nd adsorption; and staining duration — a relationship that is
oorly understood and only briefly addressed in previous stud-
es (Faulwetter et al., 2013; Wong et al., 2013; Gignac and Kley,
014; Gignac et al., 2016).

The staining process can be explained as a specialized form of
ass transfer (Cussler, 2009). Chemical potentials or gradients

re the major driving force for movement of the iodine molecules
rom solution to tissues (Cussler, 2009). During the staining pro-
ess, the concentration of iodine in the tissues increases and
he boundary flux decreases because of a reduced concentration
radient (Li et al., 2015). This effect can be counteracted by
eplenishing the iodine staining solution (Li et al., 2015; Gignac
t al., 2016). Precise control of iodine infiltration into sample tis-
ues is important for optimizing CT imaging; undesirable effects
f poor staining include overstaining, shrinkage and/or uneven
taining of tissues (Wong et al., 2013; Gignac et al., 2016).
ccordingly, an accurate estimate of both the iodine concentra-

ion and boundary flux is critical to understanding the particular
ype of mass transfer behind the staining mechanism. Relevant
uantitative modeling has been limited and has not been used
o determine staining protocols for particular specimens (Tahara
nd Larsson, 2013). There are also limited quantitative studies to
nform adjustment of the iodine concentration for different sam-
le sizes and types (Degenhardt et al., 2010). Fewer studies have
resented detailed comparison of different staining protocols
nd the comparative advantages and disadvantages of specific
reatments (Gignac et al., 2016; Li et al., 2016).

Here mass transfer modeling is used as an analytic tool to
xamine the staining results and iodine concentrations within tis-
ues over the staining period. Decreased driving force (Cussler,
009) may explain the effect of solution replacement from this
erspective. We firstly test whether mass transfer modeling is
fficient and accurate for predicting the observed concentration
hange in muscle tissues during staining. Simulations are car-
ied out to validate the mass transfer coefficients independently
ithin the three samples. We further define an “Effectiveness
actor” (η, Eq. (13) in Section 2.1) to evaluate when and how

o replenish the staining solution during long staining periods.
inally, we propose a theoretical basis derived from these sim-
lations to inform best practices in iodine staining. We present
rogressive staining experiments of whole-bodied avian spec-
mens of different sizes using different treatments and use
imulations to explore the potential mechanisms behind the
iceCT results. An integrated analysis that combines modeling

ith different experimental designs is used to address problems

ncountered in staining experiments. This novel method presents
n avenue for experimental biologists to investigate similar prob-
ems. Practically, the present work also provides a model for
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n
t

 28 (2019) 562–571 563

haracterizing and visualizing avian anatomy in a convenient
nd affordable way.

.  Materials  and  methods

.1.  Simulation

The model used to describe the iodine staining process in this
tudy is based on mass transfer theory (Cussler, 2009). Diffusion
nd sorption are the two processes by which iodine molecules
ove through and bind with tissues during the staining process.
he staining process can be explained using a mass transfer
oefficient as a simple and effective descriptor. The mass trans-
er concept facilitates the analysis and provides more flexibility
or modeling diffusion processes involving molecule transport
cross interfaces.

A simplified one-dimensional diffusion–sorption (D–S)
odel describes the transport and binding of iodine in the tissue.
or the sorption process, it is assumed that the sorption isotherm

s linear. The governing equation is as follows:

θ  +  ρbKd)
∂c

∂t
= θD

∂2c

∂x2 (1)

here c(x, t) is the concentration of iodine in the solute phase
mmol/l), θ is porosity (0–1), ρb is bulk density (kg/l), D  is
he diffusion coefficient (m2/s), and the partition coefficient Kd

escribes the sorption of iodine between solid phase (tissue) and
olute phase (i.e., Kd = csolid /c  with units of l/kg). The retardation
actor Rf is defined as (1 + ρbKd /θ), and Eq. (1) simplifies to

∂c

∂t
= D

Rf

∂2c

∂x2 (2)

The initial condition of iodine in the sample can be speci-
ed not only for non-treated samples, which have zero iodine,
ut also for samples having any pre-existing spatially varied
oncentration.

(x, 0) = f (x) (3)

We use a one-dimensional model with length L  (m) and spec-
fy two boundary conditions.

At the outer boundary (x  = 0), iodine enters the tissue driven
y the concentration gradient between the bulk solution of stain-
ng iodine and solution in the tissue. In previous studies, either

 constant concentration or constant flux boundary condition
as been specified at the solution-tissue interface (Degenhardt
t al., 2010; Li et al., 2015, 2016). Because of mass transfer
esistance, however, iodine at the boundary in the tissue cannot
stablish the same concentration as in the bulk solution over a
hort time span, and a constant concentration boundary condi-

ion is not appropriate. While a constant flux boundary condition
orks well for short staining durations (e.g., a few days), it does
ot account for the decrease in the concentration gradient at
he interface as iodine concentration increases in the tissue with
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ime. Accordingly, we propose a more general mass transfer
oundary condition at the interface (x  = 0):

−θD
∂c

∂x
= km (cb −  c) ,  x  =  0 (4)

here cb is iodine concentration in the bulk solution outside the
oundary (mmol/l), and km is a mass transfer coefficient (m/s).
athematically, this is known as the Robin boundary condition

r third type boundary condition. It is a specification of a linear
ombination of the values of a function and the values of its
erivative on the boundary of the domain (Kevorkian, 1990).

The inner boundary (x  = L), is in the interior of the whole
pecimen and the flux is negligible, so a zero flux boundary
ondition is specified:

∂c

∂x
= 0,  x  =  L (5)

The details for solving Eq. (1) or (2) with initial condition Eq.
3) and boundary conditions of Eqs. (4) and (5) can be found in
ppendix A in Supplementary material. The final solution for

(x,t) is

 =  cb

[
1 −

∞∑
n=1

qn ∗  exp

(
− u2

nDt

Rf L2

)
∗  cos

(
un

(
1 − x

L

))]
(6)

here

n =
∫

0
1
g (Z) cos (unZ) dZ∫
0

1cos2 (unZ) dZ
(7)

n is the positive root of

n tan (un) − kmL

θD
= 0 (8)

nd g(x) is related to initial condition Eq. (3) by the following
quation:

(x) = 1 − f (L (1 −  x))

cb

(9)

The total concentration in the tissue cT (x,t) is expressed as
ollows:

cT =  θRf c  =  θRf cb

[
1 −

∞∑
n=1

qn ∗ exp

(
− u2

nDt

Rf L2

)

∗cos
(
un

(
1 − x

L

))]
(10)

The average total concentration in space in the tissue cTavg(t)
s

Tavg =  θRf cb

[
1 −

∞∑
n=1

qn ∗  exp

(
− u2

nDt

Rf L2

)
∗ sin (un)

un

]
(11)

If there is no iodine in the sample at t  = 0, i.e., c(x,0) = 0,

oefficient qn can be simplified to

n = 2sin (un)

un +  sin (un) cos (un)
(12)

3
t
1
w
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The staining effectiveness factor η(t) is defined as the influx
f iodine at time t  over the influx at time t = 0. Because of
he concentration increase in the tissue at the boundary, η(t)
ecreases over time. When it drops below a threshold value of
c replenishing the staining reagent is indicated.

 =
∞∑

n=1

qn ∗ exp

(
− u2

nDt

Rf L2

)
∗  cos (un) (13)

This analytical solution requires the calculation of an infinite
umber of eigenvalues un (n  = 1, 2, 3, .  .  .), which are positive
oots of Eq. (8). These roots un have the following pattern:

u1 ∈ (0,  �),  u2 ∈  (π,  2π),  u3 ∈  (2π,  3π),  . .  .,

uk ∈  ((k −  1)π,  kπ),  . .  .  (14)

These “un” are present in the exponential term exp
−un

2Dt/(Rf L2)], so the significance of each eigenvalue un

ecreases with increasing n  and t. For a short staining period
a few days), a large number of un (e.g., u20) may be required,
ut only a few can be used without loss of accuracy for longer
imes. As shown in the supplemental file, only four un terms
ere needed to produce highly accurate results for the staining
f three specimens (Progne  subis, Archilochus  alexandri, and
elanerpes aurifrons) used in this study.

.2.  Experimental  design  and  concentration  acquisition

Three independent staining experiments were carried out
t The University of Texas at Austin, Vertebrate Paleontology
aboratory. Birds were chosen for these tests because they are
nderrepresented in anatomical references relative to other ver-
ebrates (Diogo and Abdala, 2010). The specimens comprised

 Golden-Fronted Woodpecker (M.  aurifrons  TMM M-16042)
 Black-Chinned Hummingbird (A.  alexandri  TMM M-16038),
nd a Purple Martin (P.  subis  TMM M-16625). The specimens
ere salvaged under Federal Bird Permit (MB52556B-0) in late
015. They were frozen at −23 ◦C (or −10 ◦F) for a few months
efore the experiment began in early 2016.

The A.  alexandri  specimen measures about 6 cm from bill
o tail, and around 2 cm for its maximal thoracic diameter. The
. subis  specimen is ∼12 cm in length and 5 cm in maximal
horacic diameter. The larger M.  aurifrons  specimen is ∼16 cm
n length and is 5–6 cm in maximal thoracic diameter. The A.
lexandri  specimen was fixed using 10% neutral buffered for-
alin (NBF) for eight days, and then transferred to 70% ethanol

or further fixation for another eight days (Hopwood, 2002). The
pecimen was stained using 1% iodine–ethanol-formalin solu-
ion (1 g I2/75 ml absolute ethanol [200 proof Ethanol] and 25 ml
0% neutral buffered formalin) for 16 days. The larger-sized P.
ubis was fixed in 650 ml 10% NBF for three days and then the
olution was changed to ethanol-formalin (325 ml 10% NBF and

25 ml 70% ethanol) for five days. The P.  subis  specimen was
hen transferred to another ethanol-formalin solution (150 ml
0% NBF and 450 ml 70% ethanol) for 11 days. The specimen
as scanned first as a control prior to staining and before transfer
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Table 1
Scanning parameters (e.g., voltage, current, and power) used in the experiment.

Scanning paramete P. subis scan 0 P. subis scan 1 P. subis scan 2 A. alexandri M. aurifrons scan 1 M.  aurifrons scan 2

Voltage (kV) 150 150 150 150 180 180
Current (mA) 0.2 0.2 0.2 0.19 0.3 0.3
Source to object (mm) 197.687 197.7 197.7 145.0 223.551 227.0
Source to detector (mm) 1316.589 1316.877 1316.774 1316.774 1316.772 1316.772
Vertical extent (mm) 136.9 135.6 171.3 65.5 175.1 178.0
Voxel size (mm) 0.0479 0.0479 0.048 0.0241 0.0597 0.0614

Table 2
Inter-calibration of pixel intensity (grayscale values) to account for beam-hardening and helical artifacts that caused variation across the different scans. Corrected
values calculated from raw values as (CTraw − Airraw) × (Rangeavg/Rangeraw) + Airavg. The P. subis and M. aurifrons were calibrated separately.

Uncorrected grayscale value (raw) Average grayscale value (avg)

Scan Air Fixed solution (in a vial scanned) Range (solution–air) Air Fixed solution Range (solution–air)

Non-stain (scan 0) 5141 18,200 13,059 6683.7 15,308.3 8624.7
P. subis scan 1 8010 17,525 9515
P. subis scan 2 6900 10,200 3300

M 1,193
M 058.5
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. aurifrons scan 1 9560.8 20,754.5 1

. aurifrons scan 2 4345.8 12,404.3 8

f the specimen to 70% ethanol for three days. The P.  subis  spec-
men was then progressively stained with three concentrations
f iodine–ethanol-formalin solution. In the first stage, 1% iodine
olution (6 g I2/150 ml 10% NBF and 450 ml absolute ethanol
200 proof Ethanol] was used for 25 days. In the second stage
% (12 g I2/150 ml 10% NBF and 450 ml ethanol [200 proof
thanol]) iodine concentrations were used for 21 days, and then
% (18 g I2/150 ml 10% NBF and 450 ml absolute ethanol [200
roof Ethanol]) iodine concentrations was used for 18 days. The
. aurifrons  specimen was fixed in 650 ml 10% NBF for nine

ays, and then transferred to 70% ethanol. It was preserved in
0% ethanol for about two months. For the first stage staining,
% solution 12 g I2/(480 ml [200 proof Ethanol] + 160 ml 10%
BF) was used for 27 days; after solution replacement (with

 2% solution), the second stage staining was conducted for
nother 27 days, and the total staining period was 54 days.

The CT scans were completed at the University of Texas
igh-Resolution X-ray CT facility (UTCT) using a scanner

ustom-built by North Star Imaging, Inc., Rogers, MN USA.
can parameters are provided in Table 1. The three scans (num-
ered as scan 0, 1 and 2) of the P.  subis  specimen (after fixation,
fter the first stage of staining, and after the second stage of
taining) included a vial of fixing solution (1 ml NBF and 3 ml
0% ethanol) in the field of view to aid in calibration. For the
. alexandri, since only one CT scan was obtained after the sin-
le staining duration, no post-calibration was applied. For the
. aurifrons  specimen, two scans were obtained, after the first

7-day staining period and after the second 27-day stage. The
xation and staining duration were determined based on prior
xperiments (Li et al., 2015, 2016) and size differences. All
pecimens were scanned within the plastic wrapping in order to

revent evaporation and distortion during the scanning. The pec-
oral region, with its large muscle masses, was used to measure
he CT grayscales (in 16-bit Tiff images) and transform the data

m
f
g

.7 6953.3 16,579.4 9626.1

o iodine concentration for the mass transfer modeling described
s follows.

.3.  Grayscale  values  —  iodine  concentration  conversion

Data for experimental calibration and simulation was
cquired from a cross-section from the sternal muscle. Grayscale
alues were firstly measured in ImageJ v1.48, and then calibrated
cross the three P.  subis  scans and the two M.  aurifrons  scans;
ee Table 2 for calibration equations. Although no calibration
as applied between the P.  subis  data and the M.  aurifrons  data,

alculated grayscale values for the solution and air were quite
lose (see Table 2).

Solution trapped in the empty eye orbital space was used as a
tandard to convert the CT numbers (i.e., the grayscale values) of
tained tissues to an “absolute concentration” of iodine. While
% solution was used, eventually the solution trapped in the
ye orbit was approximately 78.8 mmol/l. Because volume of
he solution used is much larger than that of the specimen size,
he minor difference was ignored here. The iodine concentration
f tissue could then be obtained by comparing the ratio of the
rayscales of the eye orbit fluid to that measured in the tissues.
imilar conversion was used for the staining of M.  aurifrons  and
. subis  as well (2% iodine solution = 157.6 mmol/l, 3% iodine
olution = 236.4 mmol/l).

.  Results

.1.  Soft  tissue  staining  results  and  bone-muscle  contrast
We systematically compared the CT measurements of bone,
uscle, fasciae, and nervous tissues at different staining stages

or the three specimens shown in Fig. 1. With 1% iodine solution,
rayscales for the stained bones of P. subis  vary from 30,000 to
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Fig. 1. CT values measured in different tissues before staining, and after two stages of staining in the P. subis specimen, one stage staining of the A. alexandri
s els se
a 2.3. G
a een th

4
i
T
i
t
t

a
c
W
C
c
f
1
f
v
c
(
fi
h
w
s

d
t
c
h
c
s
(

s
i
p
i
T
t
d

3

p
s
(
t
i
f
a
w
i
t
v
o
D
o
o

pecimen, and two stages of M. aurifrons staining. Values are means of all pix
s I-bars. CT values for P. subis were cross-calibrated as described in Section 

verage number for the epidermis and dermis. The fasciae were measured betw

0,000 in the first stage (Fig. 1); similar numbers were obtained
n the M.  aurifrons  staining with the application of a 2% solution.
he final grayscale values of the stained bones were much higher

n P.  subis  than in either A.  alexandri  or M.  aurifrons, because
he iodine solution was continuously enhanced (1%, to 2%, and
o 3%).

Grayscale values of muscle tissues vary largely by location
nd also by the mass of the measured muscle (Fig. 1: Mus-
le) in both stages (stages 1 and 2) for the three specimens.
ith a 1% concentration, P.  subis  showed little increase in the
T values of the pectoral, cardiac region, and gizzard mus-
les (e.g., 17,170–17,722) but large increases in the muscles
rom the forearm and cervical region (Fig. 1: 17,493–22,558;
7,010–26,266). This was also the case for M.  aurifrons, where
orearm and cervical muscles show much higher grayscale
alues than other regions. Internal organs and large mus-
le masses generally showed inadequate penetration of iodine
Figs. 2 and 3). With 2% iodine concentration treatment in the
rst stage, the grayscale values of muscle in M.  aurifrons  is
igher than that of P.  subis, as seen in the relatively small-sized
ing muscles that are located in the closer proximity to the

taining solution.
Connective tissues, e.g., fasciae, have much lower grayscales

uring any staining period compared with other tissues, even
he fasciae close to the solution (e.g., under the skin). The lower
ontrasted fasciae and other connective tissues (blood vessels)
elp define boundaries between muscular fibers, and the vas-

ular system. These structures are best seen after the second
tage of staining when neighboring tissues were highly stained
Figs. 2, 3). In the integument, the keratinous rachis was strongly

t
c
t
s

lected as reflecting each tissue in ImageJ, and standard deviations are shown
rayscale values — iodine concentration conversion. The values of skin are an
e skin and the pectoral muscle.

tained in the flight feathers, with the lumen of the rachis fill-
ng with lower-contrast solution (Fig. 2: rac). This demonstrates
otential high adsorption of iodine by keratinized tissues, includ-
ng the feathers and also beak, tongue and the claws (Fig. 3).
he nervous system, such as the cerebrum, is much less stained

han its encasing braincase. The cerebrum and cerebellum show
istinct differences in contrast.

.2.  Models  of  concentration  profiles

The physical properties of tissues, including bulk density,
orosity, partition coefficient, and diffusion coefficient, all affect
taining. Based on the parameter set from Li et al. (2015, 2016)
Table 1 in Appendix A in Supplementary material), the resul-
ant calibrated mass transfer coefficients (km) were 6.7E −  9 m/s
n P.  subis, 6.3E −  9 m/s in the A.  alexandri  and 5.8E −  9 m/s
or the M.  aurifrons  specimen, only differing by about 10%
mong the three. Even when the solution was replaced twice
ith higher iodine solution concentrations in the P.  subis  stain-

ng, a single mass transfer coefficient was adequate to describe
he observed effects. The simulations predict the observed CT
alues within muscular tissues, or tissue concentration profiles
f pectoral muscles, of the P.  subis  specimen at both Day 25 and
ay 64 (Fig. 4). However, it only accurately captures one profile
f the M.  aurifrons  specimen in the first stage staining at duration
f Day 27. The simulated concentration in Day 54 is 10% higher

han that measured data in the M.  aurifrons  specimen. Further
alculation of the root-mean-square error (RMSE) demonstrates
he fitness of model to experiment. The RMSE values are quite
mall in the early-stage staining in the three specimens and rise
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Fig. 2. CT images across the pectoral region of A. alexandri (A), P. subis (B), and M. aurifrons (C). Yellow lines indicate where measurements used for simulation
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n later stages, although the absolute numbers remain quite low
ompared to the total concentration: A.  alexandri  (3.5); P.  subis
3.6 at Day 25 and 19.4 at Day 64); M.  aurifrons  (3.8 at Day 27
nd 35.6 at Day 54).

The concentration of iodine in the muscle tissues is about
0–100 mmol/l measured for the first-stage staining in the A.
lexandri and P.  subis  specimen and approaches 200 mmol/l
n the M.  aurifrons  specimen (see Section 2.3). The enhanced
ffect of multi-stage staining is demonstrated by the average
odine concentration within muscular tissues, which increased
rom about 100 mmol/l to about 350 mmol/l (Fig. 4A) in the P.
ubis and to about 250–300 mmol/l in M.  aurifrons. However,
he concentration predicted by the simulation was slightly over
00 mmol/l in M.  aurifrons.

.3.  A  quantitative  tool  to  explore  the  staining  process
The proposed Effectiveness  Factor  η  (Eq. (13) in Section
2.1)) can be used to evaluate when and how to replenish the
taining solution at a given time t (Eq. (10) in Section (2.1)).

2
w

 corresponding to x (0) for the simulations. Anatomical abbreviations: cm –
– lung, m. pect – m. pectoralis, m. supco – m. supercoracoid, rac – rachis, tr –

 another, but the general nature of staining holds; all scale bars equal to 15 mm.

he diagram (Fig. 5) describes the progression of staining in the
argeted tissues (muscles) with time. As shown in the simulation,
(t) drops quickly early in the staining period and levels off
ventually (Fig. 2 in Appendix A in Supplementary material).

hen η(t) drops below an empirical value, e.g., 0.6–0.7, which
enerally suggests the staining power reduces about 30%–40%
nd replenishing the staining reagent is suggested. Our solution
eplacement in experiments is quite close to the days (25 versus
7) indicated by the modeling.

We numerically tested four hypothetical scenarios involv-
ng different staining strategies (1%, 2%, and 3% respectively).
hese results were compared to results from progressive
nhancement in iodine concentration (1%–3%) applied in the
xperiment (Fig. 5). In contrast to the step-wise increase of
odine concentration, a gradual increase of the iodine concen-
ration was obtained with final concentrations of iodine about
50 mmol/l, 300 mmol/l, 450 mmol/l respectively for the 1%,

%, and 3% being modeled. The concentration for the step-
ise staining strategy (1% increase to 2%, and then to 3%) used
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Fig. 3. Sagittal section of P. subis (A, B, and C), A. alexandri (D), and M. aurifrons (E and F) specimen before (A) and after the first stage (B, D, and E), and the
second stage of staining (C and F). Anatomical abbreviations: art – artery, bar – barbule, bk – beak, cav – free caudal vertebrate, cbh – cerebral hemisphere, cbl –
cerebellum, cem – cervical muscle, cer – cervical, cl – claw, di – digit, esoph – esophagus, fic – fissura cerebelli, foc – folia cerebelli, he – heart, inte – intestine, liv
– liver, lu – lung, m. pect – m. pectoralis, m. supco – m. supercoracoid, nc – nasal capsule, pel – pelvis, pre – premaxilla, rec – rectum, ret – retries, sca – scapula,
spl – spleen, ster – sternum, stom – stomach, t – tongue, tr – trachea, ventri. dex – ventriculus dexter, ventri. sin – ventriculus sinister. All scale bars equal to 10 mm,
except the scale bar in (D) (equal to 4 mm).
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Fig. 4. Model simulation in comparison with experimental observation for P. subis s
aurifrons staining (C) at Day 27 and Day 54. Obs and Model represent observation
tissue where measurements were taken for the staining depth; ‘Y’ axis represents the

Fig. 5. Model results of average total concentration for P. subis staining if using
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%, 2%, and 3% solution throughout the whole process, in comparison with
oncentration-varied solution (1%, 2% and 3%) used in the experiment.

s slightly higher than that of 2% used throughout the whole
uration.

.  Discussion

The mass transfer model presented here is simple in its param-
ter assumptions and generally accurate for calculating average
oncentration to predict staining progress. As shown in the
odeling, the results provide a good estimate of the iodine con-

entration profile in the experiment data in the small A.  alexandri
nd the larger P.  subis  datasets, and partially for the M.  aurifrons
atasets. Similar values calibrated for the transfer coefficient
km) from the three independent experiments indicate that the
ass-transfer theory serves well as a uniform law for tracing

taining progress, at least within the experimental parameters
f concentration and duration explored thus far. This conclu-

ion supports the idea that experiments from one study can be
sed as a reliable reference for others, as suggested previously
Gignac et al., 2016). The inferences we have gained from exam-

t
I
t

taining (A) at Day 25 and Day 64, A. alexandri staining at Day 16 (B) and M.
 data and modeling fit results respectively. ‘X’ axis represents the distance of

 total iodine concentration that converted from grayscale values.

ning avian materials in this study should apply to other iodine
taining practices for avian specimens as well.

The final grayscales for muscles generally closely positively
orrelates to the concentration of the solution applied (Fig. 4).
he proportional change of grayscales in the muscular tissues
bserved in M.  aurifrons  (2%) between the first and the second
tage of staining (each 2%) was much less than that of the P.  subis
pecimen, suggesting a step-wise increase (1%, to 2%, and to
%) of concentration plays a key role in contrast enhancement
Fig. 1).

These results provide a validated relationship regarding the
ontrast effect of muscular tissues that would be obtained
or a given iodine concentration and duration for a P.  subis-
ized specimen (Fig. 5). Likewise, the modeling is shown to
ncompass the effect of incrementally raising the iodine con-
entration. Mammalian specimens have thick integument (i.e.,
airs), dense bones and associated muscular tissues. For the
imilar-sized mammalian specimens, the protocol should be
pplicable similarly regarding concentration and timing for
taining (Li, unpublished data).

This study demonstrates how mass transfer theory can be
sed as a tool in understanding the critical role of concentration
n affecting staining results. In previous analyses (Degenhardt
t al., 2010; Li et al., 2015), a constant flux was assumed at the
xterior boundary between solution and the sample; in contrast,
he mass transfer modeling here simulates the boundary flux
ondition in a more realistic way by taking the concentration
hange into account along with staining progress.

Although our modeling accurately reproduces most of the
taining progress, specimen distortion remains an important
ssue to be considered and resolved. Since a highly concentrated
odine solution contributes to the high degree of distortion and
hrinkage to the specimen (Vickerton et al., 2013), we consis-
ently used a lower concentration in prior experiments (Li et al.,
015, 2016). But lower concentrated solution has lower penetra-

ion power for staining large specimens even for a longer period.
f a more highly concentrated solution, for instance 3%, was used
hroughout the whole process, the time to reach a staining effect
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ould only take half the duration taken here (Fig. 5). On the
ther hand, if only 1% iodine solution was used over the same
uration, the final iodine concentration would be only half the
alue of our experiment. However, a high concentration can lead
o high degree of tissue shrinkage. Considering the combined
xperimental and simulation data, progressive replenishment
nd enrichment of solution (e.g., from 1% to 3%) appears to
e an effective way (compared to using only 2%) to achieve a
ompromise between an ideal staining effect and tissue distor-
ion. But this conclusion is not evident from our simulation; the
igher contrasting effect in P.  subis  is remarkable in comparison
ith that of M.  aurifrons.
Through a successive replacement of solution, different

rayscale increases can be compared among various tissues,
specially for bones versus muscles. Due to the heterogeneous
ize of different segments of the avian body, e.g., cephalic mate-
ial versus the pectoral region, committing to one concentration
r protocol for the whole specimen might not be a panacea. For
xample, cranial tissues and wing muscles were stained effec-
ively in the first stage with a concentration of 1% (Fig. 3) in
he P.  subis  specimen and 2% for the M.  aurifrons  specimen, but
he pectoral region was insufficiently stained (Fig. 3) in both.
herefore, the priority of which tissues or which sub-region of

he samples to investigate plays a role in the designing the stain-
ng protocol. Otherwise, step-wise staining and serial scanning

ay be used to ensure that all sub-regions of the specimen can
e imaged well.

The mismatch of staining results may reflect a practical diffi-
ulty in staining large-sized bird specimen, a phenomenon that
as been observed previously (Li et al., 2015; Gignac et al.,
016). Adult birds are particularly resistant to iodine penetra-
ion in staining because of the thick feathered covering and
arge muscle mass, especially in the pectoral region. In addition,
he highly stained feathers indicate high adsorption of iodine
y these exterior layers. These factors might lead to a differ-
nt outcome between experiments and the modeling analysis.
he situation may be alleviated by raising the concentration of

odine solution in a step-wise pattern, which was applied in the P.
ubis staining. However, we cannot totally rule out model misfit;
or instance, the simulation here used two-dimensional analyses
o simplify a real three-dimensional volume object. Although
he measured sternal depth is deeper in P.  subis  the width and
olume of the sternal muscles in M.  aurifrons  could be larger
nd required more iodine for an adequate staining. It is also
ossible that subtle differences in specimen preparation could
ffect the uptake rate or the maximum amount of iodine that can
e absorbed in various tissues, which would create a limiting
ondition not implemented in our simplified modeling.

Iodine adsorption rate significantly differs between the bone
nd soft tissues (Li et al., 2015, 2016). When lower iodine con-
entrations were used, the bone was hardly stained compared to
oft tissues (Fig. 1). With raised concentrations, bones start to
e stained in a fashion similar to the soft tissues. We thus find

oncentration of the staining solution to be the key to retaining a
igh X-ray contrast density between bone and soft tissues. Bones
re much higher in X-ray attenuation than soft-tissues before
taining. While low concentrated iodine solution was applied

a
A
t
(

 28 (2019) 562–571

≤2%), muscular tissues slightly increased in grayscale values,
ut hardly exceed that of the bone they surrounded (Figs. 2, 3).
ver long staining periods (e.g., over a month), when 2%–3%

oncentration was used, soft tissue grayscale values started to
xceed that of the surrounding bones. Accurate control of the
nal staining effect within soft tissue (i.e., less than 300 mmol/l)

s thus the key to optimizing the contrast of bone versus soft
issues. The structure and chemical composition of the bone
ersus muscles may explain the distinct pattern observed, but
urther analyses are needed to explain the apparent existence of

 minimal value or a threshold value for staining bony tissues.

.  Conclusion  and  caveats

For imaging anatomy in whole avian specimens, our study
rovides potential insights into optimization of the staining pro-
edure. Through modeling, a relationship between duration and
odine concentration was established in the three sampled birds
Fig. 5). This relationship held for the whole bird specimen and
ndividual muscles. Within the small-sized forearm and the cra-
ial muscle, a short duration of staining works well as shown in
he A.  alexandri  specimen (16 days). For larger muscle masses
han those with a cross-section longer than 1 cm, a longer stain-
ng period combined with a continuous replacement of higher
oncentration is encouraged. Although different taxa were used
n this study, a similar ‘Km’ was effective in explaining the
taining variations for all experiments. Similar tissue types and
rrangements can be a potential explanation of these results.

Feathers of birds comprise an initial hydrophobic barrier that
dsorbs a large amount of iodine. In comparison, the cornified
cales of squamates and alligators, and the hairs of mammals
Gignac et al., 2016) all have variable external layers with higher
ermeability (Metscher, 2009a, 2009b; Preininger et al., 2016).
he larger specimens in this study stained less evenly and took

onger to stain than the smaller specimen. In the case of shorter
taining times, P.  subis  and M.  aurifrons  both have a good fit
ith the model predictions. For longer staining periods, the fit
f model to experimental data is less ideal for the second stage
f staining. The integument of birds might be a factor that con-
ributes to the inconsistency of lower grayscales in experiments
ompared to the higher values in the simulation. Therefore,
emoving the integument may be a choice for practical con-
iderations if only the internal anatomy of a bird specimen is
argeted. Improvements in the models used and model parame-
ers may still be needed. These caveats should be kept in mind
hen other researchers consider following the protocol used
ere.
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