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OBJECTIVE

To determine optimal sample preparation conditions with potassium triio-
dide (I,KI) and optimal imaging settings for microfocus CT (micro-CT) of
excised cat hearts.

SAMPLE
7 excised hearts (weight range, 10 to 17.6 g) obtained from healthy adult
cats after euthanasia by IV injection of pentobarbital sodium.

PROCEDURES

Following excision, the hearts were preserved in 10% formaldehyde solu-
tion. Six hearts were immersed in 1.25% |,KI solution (n = 3) or 2.5% I,KI
solution (3) for a 12-day period. Micro-CT images were acquired at time 0
(prior to iodination) then approximately every 24 and 48 hours thereafter
to determine optimal sample preparation conditions (ie, immersion time
and concentration of |,KI solution). Identified optimal conditions were then
used to prepare the seventh heart for imaging; changes in voltage, cur-
rent, exposure time, and gain on image quality were evaluated to determine
optimal settings (ie, maximal signal-to-noise and contrast-to-noise ratios).
Images were obtained at a voxel resolution of 30 um. A detailed morpho-
logical assessment of the main cardiac structures of the seventh heart was
then performed.

RESULTS

Immersion in 2.5% I,KI solution for 48 hours was optimal for sample prepa-
ration. The optimal imaging conditions included a tube voltage of 100 kV,
current of 150 LA, and exposure time of 354 milliseconds; scan duration
was |2 minutes.

CONCLUSIONS AND CLINICAL RELEVANCE

Results provided an optimal micro-CT imaging protocol for excised cat
hearts prepared with |,KI solution that could serve as a basis for future
studies of micro-CT for high resolution 3-D imaging of cat hearts. (Am | Vet
Res 2020;81:326—-333)

icrofocus CT allows 3-D imaging of specimens

with a voxel resolution of 0.001 mm."® This
technique has been used in imaging studies of bone
and teeth,*!! but also could potentially be used to
evaluate and differentiate soft tissue structures (eg,
myocardium) with the use of contrast material.!?-18
The ability to obtain detailed images by micro-CT
could prove useful for morphological studies of dis-
eases such as hypertrophic cardiomyopathy, a con-
dition that is estimated to affect 15% of cats' and
that has a wide range of gross anatomic and histo-
pathologic features.?° To date, morphological stud-
ies of cats with hypertrophic cardiomyopathy have

ABBREVIATIONS

CNR Contrast-to-noise ratio
1,KI Potassium triiodide
Micro-CT  Microfocus CT

ROI Region of interest

SNR Signal-to-noise ratio

mostly focused on qualitative features, and histopath-
ologic evaluation is limited by sampling methods.?!

Some micro-CT studies have been conducted on
hearts from human fetuses,??2 mice,?> and rabbits.2
However, to the authors’ knowledge, the optimal
sample processing and imaging protocol for micro-CT
of cardiac structures in cats has not been previously
evaluated. Although various contrast agents have
been evaluated for micro-CT of soft tissues,?> osmium
tetroxide, phosphotungstic acid, and L, KI solutions
have been used most extensively. Osmium tetroxide
provides excellent soft tissue contrast but is highly
toxic and expensive.?° Phosphotungstic acid is more
affordable but can take up to 12 days to completely
stain large specimens,?” which can result in distor-
tion of histologic features?®; it is unsuitable for stain-
ing samples that have a volume > 1 cm3.4 Potassium
triijodide is widely available, stable, and affordable;
in addition, it has low toxicity, can diffuse through
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soft tissue samples that are up to a few centimeters in
thickness, and can be removed after imaging.?1523.2%
Large specimens (ie, human fetuses) have been suc-
cessfully imaged by micro-CT after preparation with
LKI solution.??3° In a micro-CT study’ of the neuro-
anatomy of rat brains, methods for optimization of
sample preparation (in vivo and ex vivo specimens)
were reported. However, other micro-CT imaging
studies?22-243132 in which L,KI solution was used for
sample preparation, most of which cite the methods
of Degenhardt et al,'* have used a wide range of io-
dine concentrations and imaging settings and lacked
evaluation of optimal conditions for sample prepa-
ration. In addition to optimal conditions for sample
preparation, optimal image acquisition settings are
necessary to obtain high-quality micro-CT images
with maximal contrast and signal intensity.!¢-33

With appropriate optimization, micro-CT could
potentially be useful for evaluation of cardiac struc-
tures in cats, including chamber volume quantifica-
tion, analysis of papillary muscle geometry and mitral
valve length, and 3-D distribution of myofiber disar-
ray. The objective of the study reported here was to
determine optimal sample preparation conditions (ie,
immersion time and concentration of I,KI solution)
and optimal imaging settings (ie, voltage, current, ex-
posure time, and gain) for micro-CT of excised hearts
from healthy adult cats.

Materials and Methods

Sample

Seven hearts excised from healthy
adult cats were sourced as a conve-
nience sample from the control arm of
a study of feline cardiomyopathy (ap-
proved by the Clinical Research Ethical
Review Board of the Royal Veterinary
College [URN 2016 1638-3]) that fol-
lowed Directive 2010/63/EU of the Eu-
ropean Union on the protection of ani-
mals used for scientific purposes. The
heartsrangedinweightfrom 10to 17.6 g.
Cats were euthanized by IV injection of
pentobarbital sodium for reasons unre-
lated to this study. For the first part of
this 2-part study, 6 hearts (from 3 fe-
male and 3 male cats; age range, 6 to 14
years) were used to determine optimal
sample preparation conditions. For the
second part, the seventh heart (from
a 5-year-old male cat) was prepared
by use of the identified optimal condi-
tions and underwent evaluation to de-

settings.

flushed with saline (0.9% NaCl) solution, then pre-
served in 10% formaldehyde solution. Prior to immer-
sion in I, KI solution, the hearts were washed in wa-
ter, towel dried, and weighed. Hearts were immersed
in 1.25% LKI (n = 3; weight range, 10.0 to 15.0 g) or
2.5% LKI (3; weight range, 10.8 to 16.8 g) solution;
these concentrations of LKI solution were selected
on the basis of a literature review (Appendix). A 5%
L KI solution (100 g of potassium iodide and 50 g of
I, in 1 L of water) was diluted by adding an equal
volume of 10% formalin solution to create a 2.5% LKI
solution; a portion of the 2.5% I,KI solution was simi-
larly diluted with an equal volume of 10% formalin
solution to create a 1.25% L, KI solution. Each of the 6
hearts was immersed in the assigned I,KI solution for
a 12-day period at room temperature (approx 20°C);
to ensure diffusion of L,KI solution under constant
hydrostatic pressure, the volume of solution in which
each heart was immersed was determined as 30 mul-
tiplied by the heart weight (with grams converted to
milliliters).

To determine optimal sample preparation condi-
tions (ie, concentration of I,KI solution and immer-
sion time), hearts underwent serial imaging starting
at 0 hours (prior to jodination) and then approxi-
mately every 24 and 48 hours thereafter over the
12-day period until it was apparent that maximal
iodination was achieved by use of a micro-CT scan-

Figure |—Short-axis micro-CT images obtained at the level of the left ventricu-
) ] g . : lar papillary muscle of a representative healthy adult cat heart that was excised
termine the optimal micro-CT imaging and preserved in 10% formaldehyde solution, then washed in water and dried

prior to immersion in 2.5% |,KI solution. A—Prior to iodination (0 hour), no in-

ternal structure is seen. B—After 24 hours of immersion, iodination is improved,

Sample preparation

although a halo of darkness around the left ventricle is still present. C—After 48
hours of immersion, maximal iodination of myocardial muscle fibers is achieved.

Immediately after euthanasia of D__After 72 hours of immersion, the degree of iodination differs little from that
the cats, each heart was excised and detected after 48 hours of immersion.
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ner* with a tungsten target. Prior to imaging, hearts
were drained, rinsed, towel dried, and wrapped in
plastic film® to prevent dehydration during the scan-
ning process. The 6 hearts underwent imaging with a
constant resolution of 30 um, tube voltage of 100 kV,
current of 150 HA, power of 15 W, exposure time of
354 milliseconds, gain of 24 dB, 1 frame/projection,
and 2,712 projections/360° rotation of the heart (opti-
mized number of projections determined on the basis
of the size of the specimen and the distance from the
detectors); scan duration was 16 minutes.

Imaging settings

After the optimal sample preparation conditions
were determined for the 6 hearts in the first part of
the study, the identified conditions were used to pre-
pare the seventh heart (weight, 17.6 g). This heart
was then used in the second part of the study to
evaluate the effect of alterations in imaging settings
(ie, voltage, current, exposure time, and gain) on
image quality. The range for each setting was cho-
sen to allow optimal contrast of soft tissue within
the limitations of the scanner. Prior to imaging, the
heart was drained, rinsed, towel dried, and wrapped
in plastic film to prevent dehydration during the
scanning process. The same micro-CT scanner® with
a tungsten target as that used for determination of
optimal sample preparation conditions was used
for determination of optimal imaging settings. For
evaluation of each imaging setting (voltage, current,
exposure time, and gain), all settings were kept
constant apart from the setting under evaluation.
Other conditions (ie, a constant resolution of 30 wm,
1 frame/projection, and 2,712 projections/360° ro-
tation of the heart) were kept constant throughout
this part of the study. The identified optimal settings
were used to perform a detailed morphological as-
sessment of the main cardiac structures of the sev-
enth heart through reconstructed 3-D images.

Calculation of SNRs and CNRs
and statistical analysis

For each heart, signal intensity measurements
within 9 ROIs (3 in the inner portion of the myocar-
dium, 3 in the outer portion of the myocardium, and
3 in the air surrounding heart) that had been subjec-
tively placed by a single interpreter were obtained.
These measurements were used to calculate the
mean * SD signal intensity values and to determine
SNRs and CNRs. The SNR was defined as the mean
signal intensity for each portion of the myocardium
ROIs divided by the SD of the signal intensity values.
The CNR was defined as the mean difference in signal
intensity measurements for each myocardial ROI and
its corresponding air ROI divided by the SD of the
signal intensity values for air. The Shapiro-Wilk test
was used to assess the data distributions for normal-
ity. For each heart, a Student £ test was used to com-
pare mean SNRs at various time points; mean CNRs
were similarly compared. A paired ¢ test was used for

repeated measures to determine the earliest time at
which a plateau in signal intensity measurements was
achieved (ie, no significant increase in signal intensi-
ty detected after the plateau was achieved). Statistical
analyses were performed with statistical software.c
Significance was defined as a value of P < 0.05.

Results

Sample preparation

Immersion in 1.25% or 2.5% L, KI solution resulted
in gradual iodination of all 6 hearts, with maximum
iodination achieved after 48 to 100 hours of immer-
sion; no appreciable increase in signal intensity was
noted after 72 hours for 4 hearts (Figure 1). A plateau
in signal intensity values (ie, no further significant in-
crease in signal intensity) was achieved at a faster rate
for the outer (vs inner) portion of the myocardium
and in 2.5% (vs 1.25%) LKI solution (Figure 2). The
earliest time to a plateau in signal intensity values was
summarized by concentration of L, KI solution used
and location in the myocardium (Table ). After the
identified start of the signal intensity plateau period
for each myocardial region exposed to each concen-
tration of I,KI solution, the percentage change in SNR
or CNR was < 5%. The differences in SNRs between
the outer and inner portions of the myocardium after
immersion in 1.25% or 2.5% LKI solution plateaued
at approximately the same times when the plateaus
for signal intensity commenced. On the basis of the
findings for this part of the study, we selected immer-
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Figure 2—Mean * SE signal intensity values obtained by mi-
cro-CT imaging of hearts from 6 healthy adult cats that were
excised, preserved in 10% formalin solution, then washed in
water and dried prior to immersion in 1.25% (n = 3; dashed
lines) or 2.5% (3; solid lines) I,KI solution. Images of each
heart were obtained prior to iodination (0 hours) and ev-
ery 24 to 48 hours thereafter (until maximal iodination was
achieved); signal intensity measurements were obtained for 3
ROIs in the inner portion of the myocardium (circles) and 3
ROIs in the outer portion of the myocardium (triangles), and
an overall mean value for each portion of the myocardium in
the 6 hearts was calculated for each time point.
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Table |—Earliest time to plateau in signal intensity and percentage signal intensity change thereafter by myocardial location in
hearts excised from 6 healthy adult cats and immersed in 1.25% (n = 3) or 2.5% (3) 1,KI solution, as determined by imaging with a
micro-CT scanner prior to iodination (0 hours) and approximately every 24 to 48 hours thereafter over a 9-day period.

Concentration Range of immersion Range of percentage
of 1,KI solution Location in myocardium time to plateau (h) change after start of plateau
2.5% Outer 2148 <4.18
Inner 48-68 <3.39
Difference* (outer — inner) 21-48 —
1.25% Outer 73-99 <348
Inner 50-73 <280
Difference* (outer — inner) 25-50 —

For each heart, signal intensity measurements within 9 ROls (3 in the inner portion of the myocardium, 3 in the outer portion of the myocar-
dium, and 3 in the air surrounding the heart) that had been subjectively placed by a single interpreter were obtained. The SNR was defined as the
mean signal intensity for each portion of the myocardium and air ROls divided by the SD of the signal intensity values. The overall mean SNR for
all 6 hearts at each time point was calculated. A Student t test was used to compare mean SNRs at various time points. For each heart, a paired t
test for repeated measures was used to determine the earliest time to signal intensity plateau (ie, no significant increase in signal intensity after the
plateau was achieved).

*Values represent the range of differences in SNR values between the outer and inner portions of the myocardium.

— = Not applicable.
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Figure 3—Mean + SE SNRs obtained by micro-CT imaging of a healthy 5-year-old cat’s heart that was prepared by use of optimal
sample preparation conditions (ie, immersion in 2.5% |,KI solution for 48 hours) that were determined by evaluation of 6 cat hearts.
At a resolution of 30 um, images were obtained as the tube voltage was increased with a constant current of 130 LA, exposure
time of 250 milliseconds, and gain of 24 dB (A); as the current was increased with a constant tube voltage of 100 kV, exposure time
of 250 milliseconds, and gain of 24 dB (B); as the exposure time was increased with a constant tube voltage of 100 kV, gain of 24
dB, and currents of 100 pLA (triangles), 150 LA (squares), and 200 pA (circles; C); and as gain was increased with a constant tube
voltage of 100 kV, current of 150 LA, and exposure time of 354 milliseconds (D). See Figure 2 for remainder of key.

130 1A, exposure time of 250 milliseconds, and gain of
24 dB (scan duration of 13 minutes; Figures 3 and 4).
The increases in SNR and CNR were not significant at
tube voltages > 110 and 100 kV, respectively. According-

sion in 2.5% L,KI solution for 48 hours as optimal for
preparation of the seventh heart to determine of opti-
mal imaging settings.

Imaging settings

For the seventh heart that was prepared by use of
optimal sample preparation conditions, the SNR and
CNR increased in a linear manner as the tube voltage
increased from 50 to 130 kV with a constant current of

ly, a tube voltage of 100 kV was used for all subsequent
evaluations of the effects of alterations in settings for
current, exposure time, and gain.

For the seventh heart, the SNR and CNR in-
creased in a linear manner as the current increased
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Figure 4—Mean = SE CNRs obtained during micro-CT imaging of the cat heart represented in Figure 3. See Figures 2 and 3

for remainder of key.

from 20 to 220 LA with a constant tube voltage of
100 kV, exposure time of 250 milliseconds, and
gain of 24 dB; the maximal SNR and CNR were ob-
served at a current of 220 pA (Figures 3 and 4).
When evaluated separately at currents of 100 UA,
150 nA, and 200 pA, the SNR and CNR increased as
the exposure time increased from 67 to 500 milli-
seconds with a constant tube voltage of 100 kV and
gain of 24 dB. Maximal SNR and CNR during evalu-
ation of changes in exposure time were observed
at currents of 100 A (15.63 and 41.62, respectively,
at an exposure time of 500 milliseconds) and 150
LA (16.16 and 40.54, respectively, at an exposure
time of 354 milliseconds). Because the scan du-
ration with a current of 150 LA was shorter than
that with a current of 100 pA (12 vs 17 minutes),
a current of 150 pHA and an exposure time of 354
milliseconds were selected as optimal settings. As
gain increased from O to 30 dB with a constant tube
voltage of 100 kV, current of 150 LA, and exposure
time of 354 milliseconds, no significant change in
SNR or CNR was noted. On the basis of the findings
for this part of the study, settings considered opti-
mal for micro-CT of the seventh cat heart were as
follows: tube voltage of 100 kV, current of 150 UA,
and exposure time of 354 milliseconds.

Imaging results

Use of a micro-CT protocol that included the
identified optimal sample preparation conditions
and optimal imaging settings allowed clear identi-
fication of valves, atrial appendages, papillary mus-

330

cles, ventricular trabeculae, and myocardial struc-
ture of the seventh cat heart (Figure 5). Fat depos-
its in the epicardial and intramyocardial portions of
the heart were readily identified. In addition, the
coronary arteries could be seen from their origin at
the sinus of Valsalva to their smaller intramyocardial
branches.

Discussion

In the present study, a protocol that included
optimal sample preparation conditions and optimal
imaging settings for micro-CT of excised hearts from
healthy adult cats was devised. Immersion of hearts
in 2.5% LKI solution for 48 hours and imaging set-
tings of 100 kV for tube voltage, 150 UA for current,
and 354 milliseconds for exposure time were optimal
for micro-CT of the hearts included in this study. Al-
though optimal sample preparation conditions and
imaging settings may differ among species and or-
gans, these findings could serve as a useful starting
point for future studies involving micro-CT of hearts
of various sizes. The types of reconstructed 3-D im-
ages obtained in the present study would be useful
for chamber volume quantification and complex mor-
phological assessment for cardiomyopathies and con-
genital heart defects.

Compared with conditions used in other stud-
ies (Appendix), the method for sample preparation
established in the present study resulted in full io-
dination of the excised hearts by use of a low con-
centration of L,KI solution (2.5% vs 3.75% or 7.5%)
and a short immersion time (2 days vs 5 and 7
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Figure 5—Reconstructed micro-CT 3-D volume rendered images (obtained at a resolution of 30 um) of the right lateral (A)
and ventrocranial (C) external aspects and 5-chamber long-axis view (B) of the cat heart represented in Figure 3. Images were
obtained with the optimal micro-CT protocol involving immersion of the heart in 2.5% 1,KI solution for 48 hours followed by
imaging with tube voltage of 100 kV, current of 150 uA, and exposure time of 354 milliseconds. See Figures 2 and 3 for remainder

of key.

days in studies of excised rabbit hearts?* and a dog
heart,’ respectively). Other more extreme reported
conditions for preparation of soft tissue samples
for micro-CT include use of L,KI solutions of 0.3%34
to 25%3% and immersion times of 30 minutes!? to 7
weeks,?®> depending on the size and type of sample.
The use of various methods by different authors is
not surprising, given that clinical use of micro-CT
scanners is not widespread. By optimizing imaging
settings to maximize SNR and CNR in the present
study, we obtained detailed images for evaluation of
cardiac structures, yet minimized the possibility of
morphological distortion of those cardiac structures
that could result from prolonged exposure to high
concentrations of I,KI solution.!422.51.36

The use of LKI solution as a micro-CT soft tissue
contrast agent is dependent on the rapid diffusion of
the iodine molecules into the tissue, where they bind
to glycogen within the muscle cells.!?2* Because of
the high atomic number of iodine, differential pho-
ton attenuation provides excellent tissue contrast.3”
However, the precise concentration of I,KI solutions
applied by other researchers is difficult to determine
because of use of the term Lugol solution, which his-
torically refers to the fact that a certain weight of I,
with double the weight of KI has been dissolved in
water without stating the concentration of the indi-
vidual components. Some sources refer to 5% Lugol
solution as being normal or full strength,? but these
latter terms are not consistently applied. With regard
to descriptions of LKI solutions, researchers have
used expressions based on total solute weight per

volume or percentage of I, alone; in some instances,
no solution details are provided. In the present study,
the description of the concentrations of the L, KI solu-
tions was simplified in terms of percentages of L,.

The optimized imaging settings established in the
present study included a lower tube voltage and ex-
posure time and a higher current than settings used
in several previous micro-CT studies®>??24 of excised
hearts. The setting differences may reflect differenc-
es in the physical size of the samples, capabilities of
the individual scanners, or imaging preferences of
the investigators. The type of micro-CT scanner and
imaging settings used are important determinants of
image quality.

The main limitations of the present study were
the small number of hearts assessed and the limited
range of imaging settings evaluated. Although the
settings used were partly limited by the technical
ability of the scanner, the unit used was a commer-
cially available micro-CT scanner with a wide range
of scanning options. Evaluations performed at more
time points within the first 48 hours could have also
provided a more detailed examination of the uptake
of iodine. Tissue distortion was not assessed in the
present study but could be evaluated in future investi-
gations through serial measurements of an axis of the
heart or heart volume.

On the basis of the results of the present study,
a micro-CT protocol with optimal sample prepara-
tion conditions in I,KI solution and optimal imaging
settings that allowed evaluation of complex cardiac
structures of excised hearts from healthy adult cats
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was established. These experimental methods could
serve as a basis for further micro-CT studies of car-
diac morphology of cats and development of optimal
micro-CT protocols for other types of excised organs.
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Appendix
Summary of reported conditions for preparation and micro-CT imaging of hearts from various species.

Details of
Status Species Heart No. Concentration I, Kl solution
of and weight of of 1,KI Immersion concentration Tube Current Exposure
Reference heart life stage (8) hearts solution time (d) provided voltage (kV) (A) time (ms)
Aslanidi et al? Excised Adult Boxer 256 | 7.5% 7 No 150 125 —_
Stephenson et al** Excised Adult rat 2.25-55 4 1.87%—15.0% 2 No 130-155 — —
Stephenson et al** Excised Rabbit 4.1 2 7.5% 3 No 130-155 — —
Stephenson at al?* Excised Rabbit 4.1 2 3.75% 5 No 130-155 — —
Kim at al?® In situ Fetal mouse — 2,105 1.25% 2-3 Yes 80 100 500-800
Hutchinson at al?? Excised Fetal human 1.1-5.3 6 63.25 mg/mL 2 Yes 82-125 50-135 500-1,000
Liu et al®! In situ Mouse 0.15-0.18 — 0.025 N — Yes — — —
Pelizzo et al3? In situ Fetal rat — 29 5% 90 Yes 80 300 300 and 1,050
— = Not specified.
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