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Modern preclinical research is continuously using imaging
techniques to provide scientific results useful for human
medicine. %e imaging techniques provide either morpho-
logical or volumetric presentations of the organs of interest,
hemodynamic measures of the cardiovascular system, and/
or semiquantitative/empirical parameters of the cellular
metabolism and function [1]. Disease progression is fol-
lowed noninvasively over time in experimental animal
models, providing information about pathophysiologic
characteristics that mimic human diseases [2]. In parallel,
focus emerges regarding reduction of both suffering and the
number of experimental animals used per study, in accor-
dance with the principles behind 3 Rs for good animal ethics
in research: replacement, reduction, and refinement [3].

Experimental animals must be situated in a fixed posi-
tion and respiratory and physiologically stable to ensure
imaging with optimal quality [4, 5]. Nonetheless, little at-
tention has been paid to the impact of anesthesia, sex, choice
of species and strain/stock, housing conditions, diet/fasting,
behavioral scores, circadian rhythm, etc, on the acquired
data [6]. Consequently, the rate of successful translation
from animal models to human diseases is modest. %is
failure to translate from animals to humans is likely due, in
part, to poor methodology and failure of the models to
accurately mimic the human disease condition [7]. However,
a deeper insight into the abovementioned parameters could
likely improve the translation ability of preclinical animal
models. %erefore, we need to address these fundamental
issues in experimental animal research.

%is special issue in Contrast Media and Molecular
Imaging focuses on these issues, and the emphasis is on the
relationship between molecular imaging measures and the
impact of factors.

In one of the published studies, M. D. Overgaard and
coworkers investigated the placental uptake of a radiolabeled
tracer. %e authors recognized that the biological differences
in the placenta between laboratory chinchillas and humans
made it difficult to transfer the results. Another research
team who also used pregnant chinchillas had more luck.
Using ultrasound, A. Greco and coworkers examined the
development of the fetuses, including the age of the fetuses
and found that pregnant chinchillas are, in this context,
useful models for human pregnancy.

%e choice of model, as well as experimental animals to
mimic humans, was the subject of a PET study comparing
dosimetry of a drug performed in mice, pigs, and humans. S.
Beykan and coworkers showed that the pig model was a
superior model for humans.

In another study, the researchers examined possible
pitfalls with imaging of myelin following lysophosphati-
dylcholine (LPC) injections in the central nervous system in
a well-known animal model of demyelination. M. Zhang and
coworkers conclusion was that the PET scans advanta-
geously could be supplemented with an MRI scan to avoid
the risk of false results due to LPC side effects.

A group of researchers applied an MRI scan for quan-
tifying iron overload in the liver in a mouse model. Y.
Matsuo-Tezeka and coworkers found that MRI T2∗
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relaxation time was able to determine the content with high
sensitivity. In another MRI study perfomed by K. M. Parkins
and coworkers and also performed with mice, showed that
engineered cells did not form tumors as well as their näıve
counterparts, demonstrating the scanner’s ability to evaluate
animal models.

Furthermore, this special issue includes a review pub-
lished by G. Musch on molecular imaging techniques to
penetrate the depth of the pathophysiological mechanisms at
stake during acute pulmonary disease.
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Aim. Iron overload is a life-threatening disorder that can increase the risks of cancer, cardiovascular disease, and liver cirrhosis.
�ere is also a risk of iron overload in patients with chronic kidney disease. In patients with renal failure, iron storage is increased
due to inadequate iron utilization associated with decreased erythropoiesis and also to the in�ammatory status. To evade the risk
of iron overload, an accurate and versatile indicator of body iron storage in patients with iron overload is needed. In this study, we
aimed to �nd useful iron-related parameters that could accurately re�ect body iron storage in mice in order to construct a murine
model of iron overload. Methods. To select an appropriate indicator of body iron status, a variety of parameters involved in iron
metabolism were evaluated. Noninvasively measured parameters were R1, R2, and R2∗ derived frommagnetic resonance imaging
(MRI). Invasively measured parameters included serum hepcidin levels, serum ferritin levels, and liver iron contents. Histo-
pathological analysis was also conducted. Results/Conclusion. Among the several parameters evaluated, the MRI T2∗ relaxation
time was able to detect iron storage in the liver as sensitively as serum ferritin levels. Moreover, it is expected that using an MRI
parameter will allow accurate evaluation of body iron storage in mice over time.

1. Introduction

Iron is an essential element for biological function. However,
excess iron has the potential for life-threatening conse-
quences via production of reactive oxygen species (ROS). It
is reported that under iron-overload conditions, mito-
chondrial DNA and organs are damaged by ROS produced
by the labile iron pool [1]. A typical iron-overload disease is
hereditary hemochromatosis. It is characterized by dysre-
gulated iron absorption and subsequent overaccumulation
of iron in various tissues such as the liver, pancreas, heart,
and joints [2]. Prolonged iron-overload conditions cause
liver cirrhosis, liver cancer, and diabetes [3, 4].

To evade iron-overload disease, it is crucial to assess
body iron storage in an appropriate manner. However, it is
di�cult to know the exact status of body iron storage

because iron metabolism is in�uenced by various factors
such as in�ammation, erythropoiesis, and disease conditions
[5]. A typical example of dysregulated iron metabolism is
found in chronic kidney disease (CKD) [6]. In patients with
chronic renal failure, damaged kidneys produce less
erythropoietin than do healthy kidneys, which causes a
reduction in erythropoietic activity and consequently a re-
duction in iron utilization for hemoglobin synthesis. As a
result, iron storage is increased in CKD patients. Moreover,
in patients with CKD, production of proin�ammatory cy-
tokines is also increased in association with renal failure and
uremia. Cytokines such as IL-6 are known to dysregulate
iron homeostasis via the upregulation of hepcidin, a key
regulator of iron homeostasis [7]. �us, it is di�cult to
accurately assess body iron status in patients with in-
�ammation, erythropoietic failure, and dysregulated iron
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homeostasis. Considering the risk posed by dysregulation of
iron homeostasis, especially the risk of iron overload, de-
velopment of an accurate and versatile indicator of body iron
storage is necessary.

As indicators of body iron storage, serum ferritin level is
usually used in the clinical setting as is the concentration of
serum/plasma hepcidin, which is reported to correlate well
with liver iron concentration [8, 9]. Although these are
commonly used, there are limits to their application because
serum ferritin and hepcidin levels are easily influenced by
inflammatory status and erythropoietic status. Although
liver biopsy is infrequent in the clinical setting, its versatility
is low in terms of its invasiveness. Magnetic resonance
imaging (MRI) is coming to be used in clinical settings as a
tool with which to assess body iron storage, not only visually
but also quantitatively [10]. One of the advantages of MRI is
its noninvasiveness, allowing MRI to be used for sequential
assessment of target atoms/molecules. MRI is also consid-
ered to be advantageous for assessment of body iron status in
that it is not influenced by inflammation-mediated disorders
of iron metabolism. However, the use of MRI is not popular
due to its high cost and poor access. In summary, although
there are various parameters used for assessing body iron
status in the clinical setting, each has its advantages and
disadvantages. In this study, we sought an optimal indicator
of body iron storage for use in nonclinical research.

In nonclinical research withmice, liver iron concentration
can be used as an absolute reference for body iron storage.We
constructed an iron loading model by injecting mice with
different dosages of iron-dextran and measured various iron
parameters to select effective biomarkers for body iron
storage. As invasive indicators of body iron storage, we
measured serum ferritin and hepcidin and evaluated their
correlations with liver iron concentration. As noninvasive
indicators, T1, T2, and T2∗ relaxation time of the liver were
measured by an MRI system designed for use with mice. We
evaluated the correlations between liver iron concentration
and other iron-related parameters includingMRI parameters.

2. Materials and Methods

2.1. Chemicals and Antibodies. Iron-dextran and Dulbecco’s
phosphate-buffered saline were purchased from Sigma-
Aldrich (St. Louis, MO, USA). All other chemicals and
solvents were of analytical reagent grade.

2.2. Animals. Seven-week-old male C57BL/6NCrlCrlj mice
were purchased from Charles River Laboratories Japan
(Kanagawa, Japan). All animals were allowed to acclimatize
for 8 days to recover from shipping-related stress prior to the
study. Mice were housed under specific pathogen-free con-
ditions with free access to food and water. All studies were
approved by the Institutional Animal Care and Use Com-
mittee at Chugai Pharmaceutical Co., Ltd., and conformed to
the Institute for Laboratory Animal Research (ILAR).

2.3. Animal Treatment. Iron-dextran was diluted to ap-
propriate concentrations in phosphate buffer vehicle

(phosphate-buffered saline containing 0.02% polyoxy-
ethylene sorbitan monooleate (Tween 80)). Iron-loaded
mice were prepared by intraperitoneal injection of iron-
dextran (0.1, 0.5, or 2.5mg/mouse). /ree days after iron or
vehicle loading, MRI of mice was taken, followed by
euthanization by exsanguination under anesthesia with
isoflurane. Five mice from each group were used.

2.4. Magnetic Resonance Imaging of Hepatic Iron Stores.
Mice were anesthetized by exposure to isoflurane and main-
tained under anesthesia during the experiment. Magnetic
resonance images were acquired using an MRI system (Agi-
lent, Santa Clara, CA, USA) for collecting and analyzing
parametric maps of the mouse liver at 7T (300MHz).
Breathing rate was monitored by the scanner with a pressure
sensitive respiratory monitor (SA Instruments, Stony Brook,
NY). To avoid respiratory-related motion artifacts, isoflurane
levels were modulated as necessary to maintain the respiratory
rate at 30± 10 breaths per minute. Proton-density-weighted
images were acquired using a fast spin-echo multislice se-
quence (TR� 1500ms, TE� 10ms, echo train length� 8,
kzero� 1, 128×128matrix, field-of-view (FOV)� 40× 40mm,
thickness� 1mm). For the quantification of T1 values, we used
an inversion recovery gradient echo multislice sequence which
allowed the acquisition of a single T1 map (TR� 4.64ms,
TE� 1.96ms, inversion recovery time� 0.1, 1.075, 2.05, 3.025,
4.0 s, flip angle 10°, 64× 64 matrix, FOV� 40× 40mm,
thickness� 2mm). T2 values were obtained using a fast spin-
echo multislice sequence (TR� 1500ms, TE� 8, 11, 16, 22ms,
echo spacing� 8.35ms, kzero� 1, 128×128 matrix,
FOV� 40× 40mm, thickness� 2mm). T2∗ values were ob-
tained using gradient echo multislice sequence (TR� 100ms,
TE� 3, 5, 8, 12ms, flip angle 20°, 128×128 matrix,
FOV� 40× 40mm, thickness� 2mm). Images were analyzed
using VnmrJ software (Agilent) whereby T1 and T2, T2∗
parameter maps were calculated from acquired images. /e
relaxation rate was calculated as follows: R1� 1/T1, R2�1/T2,
and R2∗ � 1/T2∗.

2.5. Specimen Collection. Blood was collected and divided
into two aliquots. /e first aliquot was collected into
Minicollect ethylenediaminetetraacetic acid tubes (Greiner
Bio-One, Kremsmünster, Austria). /e second aliquot was
collected into evacuated blood-collecting tubes (Terumo
Corporation, Tokyo, Japan), and serum was isolated
according to the manufacturer’s instructions. Part of the
liver was harvested for histological analysis and fixed in 10%
neutral buffered formalin. /e remaining part of the liver
was used for iron content analysis.

2.6. Measurement of Hematological and Iron Indices in the
Blood. Hematological indices weremeasured by an automated
hematology analyzer (XT-2000iV; Sysmex, Hyogo, Japan).
Serum iron levels as well as unsaturated iron binding capacity
(UIBC) and total iron binding capacity (TIBC) were measured
using an automatic biochemistry analyzer (TBA-120FR,
Toshiba Medical Systems, Tochigi, Japan). Serum hepcidin
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level was measured by liquid chromatography/electrospray
ionization tandemmass spectrometry using an AB Sciex Triple
Quad 5500 system (AB Sciex, Foster City, CA, USA) equipped
with a Prominence UFLCXR system (Shimadzu Corporation,
Kyoto, Japan) as reported previously [11]. Serum ferritin levels
were determined by ELISA kit (ALPCO, Salem, NH, USA).

2.7. Measurement of Iron Content in Liver. Liver samples
were first dissolved in nitric acid and decomposed by
heating. Iron concentrations were then measured by in-
ductively coupled plasma-atomic emission spectrometry
(ICP-AES, Yagai-Kagaku Co., Sapporo, Japan).

2.8. Histopathology. Sections (4 μm thick) were prepared
from paraffin-embedded formalin-fixed liver samples. Liver
hemosiderin deposition was assessed by Berlin blue staining.

2.9. Statistical Analysis. All values are shown as mean and
standard deviation (SD). Statistical analysis was performed
using JMP version 11.2.1 software (SAS Institute, Cary, NC,
USA). Comparisons between groups were assessed by
Dunnett’s test. A P value of less than 0.05 was used to

estimate statistical significance. Linear approximation and
correlation coefficients were also analyzed.

3. Results

3.1. NoninvasiveMRI Analysis of Liver Iron Storage. We used
MRI to assess liver iron storage in 4 groups with different body
iron status: the control group and the 0.1, 0.5, and 2.5mg iron-
dextran loaded groups. Representative proton-density-weighted
images are shown in Figure 1(a). Mean R1, R2, and R2∗ are
shown in Figures 1(b)–1(d), respectively. /e R1 could detect
the difference between the control group and the group loaded
with 2.5mg of iron-dextran. /e R2 and R2∗ could detect the
difference between the control group and the group loaded with
0.5mg of iron-dextran as well as the difference between the
control group and the group loadedwith 2.5mg of iron-dextran.

3.2. Invasive Analysis of Iron Parameters in Serum and Liver
Samples. Specimens were collected to evaluate a variety of
iron parameters such as hemosiderin deposition in the liver,
liver iron content, serum hepcidin levels, and serum ferritin
levels. Representative images of hemosiderin deposition
visualized by Berlin blue staining are shown in Figure 2(a).
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Figure 1: (a) Representative proton-density-weighted images of livers (indicated by white arrow) on Day 3 after administration of iron-
dextran or dextran (control� dextran; Iron 0.1� 0.1mg iron-dextran/mouse; Iron 0.5� 0.5mg iron-dextran/mouse; Iron 2.5� 2.5mg iron-
dextran/mouse). (b) R1, (c) R2, and (d)R2∗ ofMRI of livers onDay 3 after administration of iron-dextran or dextran (control� dextran; Iron
0.1� 0.1mg iron-dextran/mouse; Iron 0.5� 0.5mg iron-dextran/mouse; Iron 2.5� 2.5mg iron-dextran/mouse). Results are expressed as
mean + SD. Five mice from each group were used. Statistical significances were analyzed by Dunnett’s test. ∗P< 0.05.
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As were shown by the R1, R2, and R2∗ obtained from MRI,
hemosiderin deposition tended to increase with iron loading
dose. Liver iron content (Figure 2(b)) and serum hepcidin
levels (Figure 2(c)) could detect the difference between the
0.5mg iron-dextran loading group and the control group.
Serum ferritin levels (Figure 2(d)) could detect the difference
between the 0.1mg iron-dextran loading group and the
control group. On the other hand, hematological parameters

and serum iron concentration were not increased by these
levels of iron loading (Table 1).

3.3. R2∗ and Serum Ferritin Level Were Correlated Most
Strongly with Liver Iron Content among All Iron-Related
Parameters. To investigate how well each indicator reflected
body iron storage in each iron-loading model, correlation
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Figure 2: (a) Histopathological analysis for hepatic hemosiderin deposition in iron-loaded mice on Day 3 after administration of iron-dextran
or dextran (control� dextran; Iron 0.1� 0.1mg iron-dextran/mouse; Iron 0.5� 0.5mg iron-dextran/mouse; Iron 2.5� 2.5mg iron-dextran/
mouse). (b) Liver iron content, (c) serum hepcidin levels, and (d) serum ferritin levels on Day 3 after administration of iron-dextran or dextran
(control� dextran; Iron 0.1� 0.1mg iron-dextran/mouse; Iron 0.5� 0.5mg iron-dextran/mouse; Iron 2.5� 2.5mg iron-dextran/mouse).
Results are expressed as mean+ SD. Five mice from each group were used. Statistical significances were analyzed by Dunnett’s test. ∗P< 0.05.
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analyses between liver iron content and all other iron-related
parameters were conducted. Analysis of the R1, R2, and R2∗
(Figures 3(a)–3(c)) revealed that the R2∗ was the MRI pa-
rameter that correlated most highly with liver iron content
(R2 � 0.9004). Among the invasive iron-related parameters
(Figures 4(a) and 4(b)), serum ferritin levels were most
strongly correlated with liver iron content (R2 � 0.9281).
According to these comparison studies, as a noninvasive
parameter, the T2∗ relaxation time obtained from MRI of
the liver is an effective indicator of body iron status, and as
an invasive parameter, serum ferritin level is also an effective
indicator of body iron status.

4. Discussion

As shown in iron-overload disorders such as hemochro-
matosis and β-thalassemia, excess iron is detrimental to the
body [4, 12]. To monitor body iron status in people with
these conditions, serum ferritin and hepcidin are generally
used as biomarkers for iron storage. However, it is difficult to
assess body iron storage in patients with inflammation or
infection because several inflammatory cytokines are pro-
duced under such conditions and iron-related parameters
such as serum ferritin and hepcidin are influenced by such
factors. A typical example of dysregulated ironmetabolism is
CKD. In patients with renal failure, damaged kidneys cannot
produce adequate erythropoietin, a humoral factor pro-
moting proliferation and maturation of erythroid cells, and
consequently hemoglobin synthesis is downregulated. /is
leads to an increase in stored iron. In some patients with
CKD, iron metabolism is further complicated because of

inflammatory status [13, 14]. To make matters worse, one of
the therapeutic approaches for renal anemia is iron sup-
plementation. To evade the risk of excess iron accumulation,
it is crucial to make use of an iron storage indicator that
reflects body iron storage simply and accurately. An ap-
propriate marker for body iron storage is necessary not only
for patients with CKD but for all patients with dysregulated
iron metabolism to evade the risk of tissue damage evoked
by excess iron.

To select an appropriate indicator of body iron storage,
we evaluated noninvasively and invasively measured iron-
related parameters in mice loaded with different dosages of
iron-dextran. Among the parameters evaluated, the MRI-
derived T2∗ relaxation time as a noninvasive parameter and
serum ferritin level as an invasive parameter were shown to
be relatively accurate indicators of body iron storage.
Moreover, serum ferritin level was the most sensitive in-
dicator of body iron storage because this was the only pa-
rameter that could detect the difference between the control
group and the group administered 0.1mg iron-dextran/
mouse. Although serum ferritin level is an accurate and
sensitive indicator of body iron storage, this parameter is
known to be influenced by inflammatory status [15].
Moreover, even under normal conditions, mouse serum
ferritin levels are quite high compared with human levels.
/erefore, when considering application to humans, serum
ferritin level is not always optimal as an index of body iron
storage. Among circulating iron-related parameters, serum
iron was not associated with the dosage of iron-dextran
(Table 1), and therefore it was considered to be inappropriate
as an index of iron storage. On the other hand, the

Table 1: Hemoglobin levels and iron indices in the blood on Day 3 after administration of iron-dextran or dextran (control� dextran group;
Iron 0.1� 0.1mg iron-dextran/mouse; Iron 0.5� 0.5mg iron-dextran/mouse; Iron 2.5� 2.5mg iron-dextran/mouse).

Control Iron 0.1 Iron 0.5 Iron 2.5
Hemoglobin (g/dL) 15.0± 1.1 15.3± 1.6 15.8± 1.5 14.3± 0.6
Serum iron (μg/dL) 152.8± 42.7 182.8± 46.8 143.6± 27.2 184.6± 22.0
UIBC (μg/dL) 120.0± 13.0 121.8± 22.2 140.8± 24.3 130.6± 30.4
TIBC (μg/dL) 272.8± 35.7 304.6± 45.8 284.4± 26.9 315.2± 27.2
Mean± SD (n� 5); UIBC, unsaturated iron binding capacity; TIBC, total iron binding capacity.
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Figure 3: Correlations of (a) R1 value obtained fromMRI of liver vs. liver iron content, (b) R2 value obtained fromMRI of liver vs. liver iron
content, and (c) R2∗ value obtained from MRI of liver vs. liver iron content.
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MRI-derived T2∗ relaxation time is not only a sensitive
indicator of body iron storage but is also a parameter that
can be measured noninvasively. Taking into account its
accuracy and its capability to assess changes in body iron
storage over time, we concluded that the MRI-derived T2∗
relaxation time is the most appropriate indicator for
assessing body iron storage. /is parameter is known to be
appropriate for measuring the paramagnetic effect of iron in
the clinical setting [16], which supports the superiority of
T2∗ relaxation time in assessing liver iron concentration in a
murine model of iron overload.

/e spleen is another iron storage organ. We evaluated
T2∗ relaxation time of the spleen as well as the liver and
analyzed its correlation with spleen iron content. However,
the T2∗ relaxation time could not accurately evaluate spleen
iron content because the tissue composition of the spleen
was incompatible with MRI measurement (data not shown).

Among the several types of iron overload model, iron
loading by administration of iron-dextran can be regarded as
a model for secondary hemochromatosis. Because parenteral
iron supplementation is the simplest and easiest way to
achieve predetermined iron storage levels, research on
secondary hemochromatosis is expected to be accelerated
even without the use of genetically modifiedmice. Moreover,
by using the T2∗ relaxation time obtained from MRI, it is
possible to assess body iron status in the model prior to the
study and during the study without sacrifice. In the clinical
setting, the association between iron storage and tissue
damage has not been adequately elucidated yet. /e com-
bination of a murine parenteral iron loading model and iron
assessment by MRI could help us study the pathology of
dysregulated iron metabolism.

In summary, it is shown that MRI designed for small
animals is helpful for assessing body iron status in mice, and
from among several iron-related parameters, the T2∗ re-
laxation time obtained from MRI could detect iron storage
sensitively and accurately./erefore, it is possible to conduct

research on iron metabolism in mice to a greater depth than
ever before. However, it remains a challenge to take the
findings from research on iron metabolism in mice and
apply them in the clinical setting. To confirm that iron-
related indices in mice are applicable to humans, invasive
and noninvasive indices associated with iron metabolism
need to be investigated in both mice and humans.
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In recent years, imaging has given a fundamental contribution to our understanding of the pathophysiology of acute lung diseases.
Several methods have been developed based on computed tomography (CT), positron emission tomography (PET), and magnetic
resonance (MR) imaging that allow regional, in vivo measurement of variables such as lung strain, alveolar size, metabolic activity
of in�ammatory cells, ventilation, and perfusion. Because several of these methods are noninvasive, they can be successfully
translated from animal models to patients. �e aim of this paper is to review the advances in knowledge that have been accrued
with these imaging modalities on the pathophysiology of acute respiratory distress syndrome (ARDS), ventilator-induced lung
injury (VILI), asthma and chronic obstructive pulmonary disease (COPD).

1. Introduction

Since the �rst chest X-ray, lung imaging has focused, for the
most part, on detecting structural alterations of lung
anatomy due to pulmonary diseases, usually inferred from
abnormalities in the distribution of lung density, or changes
in lung metabolism, predominantly glucose metabolism, in
the diagnosis and monitoring of lung cancer with positron
emission tomography (PET).

In recent years, however, there has been a tremendous
growth of methods that leverage imaging to elucidate
pathophysiologic mechanisms of acute lung disease. Because
several of these imaging methods are noninvasive, many
have been successfully translated from initial studies in
animals to humans. �is has allowed for a better un-
derstanding of how certain acute lung conditions develop as
well as identi�cation of which animal species, size, and
injury models are most appropriate for translatability of the
experimental results to the human scenario, depending on
the speci�c condition or mechanism being investigated.

�e aim of this review is to highlight a sample of acute
pulmonary conditions for which imaging of experimental
models has enabled substantial progress in the un-
derstanding of their pathophysiology, with a speci�c focus

on the contributions of PET. Major relative strengths and
weaknesses of the three imaging modalities discussed in this
review are presented in Table 1.

2. AcuteRespiratoryDistress Syndrome (ARDS)
and Ventilator-Induced Lung Injury (VILI)

2.1. Imaging of Pulmonary Density, Mechanics, and
Inammation. Because one of the de�ning features of
ARDS is bilateral radiographical lung opacities, it is not
surprising that imaging has played a major role in eluci-
dating the pathophysiology of this syndrome. �e current
prevailing theory is that these opacities result from two main
factors: (a) surfactant dysfunction [1], leading to increased
surface tension at the alveolar lining and thus favoring
edema and alveolar collapse and (b) the e�ect of gravity on
the ARDS lung, with the lung’s dependent portions being
compressed by the weight of the overlying edema �uid [2].
Because such gravitational e�ect is proportional to lung
height and density, animal models that reproduce this e�ect
must have lung size and physiology similar to the human.
Consequently, many studies were done in large animals such
as sheep, dogs, or pigs. Although no single animal model
reproduces all the complex features of ARDS pathophysiology,
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some established models of ARDS have been developed to
reproduce its most salient features, particularly non-
cardiogenic pulmonary edema.)ese models include (1) oleic
acid injection, in which oleic acid, infused through a central
vein, damages the alveolocapillary membrane, thus increasing
its permeability and leading to alveolar flooding [3]; (2) lung
lavage, in which surfactant is depleted by repeated saline
lavage, leading to unstable alveolar mechanics and develop-
ment of atelectasis and edema because of increased surface
tension [4]; and (3) injurious mechanical ventilation, in which
high tidal volumes are used to mechanically damage the lung,
leading to edema and hyaline membrane formation re-
sembling the condition of VILI, which frequently coexists with
ARDS [5–8]. Lung lavage and injurious mechanical ventila-
tion can be combined in a “two-hit” injury model in which
VILI worsens preexisting surfactant dysfunction [9].

Imaging studies performed in these animal models,
mainly employing computed tomography (CT), supported
the concept that, in the heterogeneously inflated ARDS lung,
there is a range of opening pressures for derecruited
(i.e., nonaerated) alveoli. Such pressure depends on the
position of the alveolus along the gravitational axis [2], on
the radius of curvature and the surface tension at the air-
liquid interface, and on the energy required to fracture liquid
bridges that obstruct small airways [10, 11]. By applying
pressure at the airway to overcome alveolar opening pres-
sures, either through positive end-expiratory pressure
(PEEP) or recruitment maneuvers, or by changing the
distribution of such pressures through prone positioning,
airspaces can be recruited and lung ventilation and
perfusion-to-ventilation matching restored in regions that
were derecruited [12, 13]. Consequently, the first major
contribution of tomographic imaging studies in animal
models of ARDS is to elucidate the regional mechanism by
which interventions that aim to recruit alveoli, and thus
restore aeration and gas exchange, exert their beneficial
effect.

CT and PET have also been used to measure the strain
imposed by mechanical ventilation on different parts of the
lung. Tidal lung strain is defined as the change in volume of a
given region of the lung between expiration and inspiration,
relative to its volume at end expiration. Strain is a key
biophysical determinant of VILI. Regional tidal strain can be
measured with PET imaging of inhaled [13N]nitrogen (13N2),
by gating frame acquisition of the equilibrated tracer con-
centration with the end-inspiratory and end-expiratory
phases. When a region of the lung expands, its gas con-
tent and hence the 13N2 concentration measured by PET
increase.)us, the change in regional tracer concentration is

related to regional strain [14]. CTcan measure regional tidal
strain in a conceptually similar manner by measuring
density changes between expiration and inspiration [15, 16]
or by using registration algorithms to calculate the de-
formation of a given region of the lung between expiration
and inspiration through a three-dimensional warping
function [17].

When combined with PET imaging of 2-[18F]fluoro-2-
deoxy-D-glucose ([18F]FDG) as a means to measure met-
abolic activation of inflammatory cells induced by me-
chanical ventilation [18, 19], PET/CT studies have shown
that inflammation prevails in lung regions that are atelectatic
or that become exposed to the largest cyclical tidal strain as
the injury progresses [20, 21]. In fact, there appears to be a
direct linear relationship between lung strain and [18F]FDG
phosphorylation rate (commonly denoted as k3) [22], and
[18F]FDG uptake rate (commonly denoted as Ki) was in-
creased in dependent regions of the surfactant depleted
lungs, which are the regions expected to undergo repetitive
collapse and reexpansion with tidal breathing [23, 24]. )ese
findings in large animal models of VILI and ARDS have been
paralleled by similar findings in patients, in whom PET/CT
has revealed increased [18F] FDG uptake both in dense
regions, where atelectasis and inflammation due to the
primary etiology of ARDS are expected to predominate,
and in aerated regions exposed to the iatrogenic strain of
mechanical ventilation either because of tidal overdistension
or cyclical alveolar recruitment and derecruitment [25–27].
Recent evidence indeed suggests that lung regions that
exhibit the greatest cyclical change in density with tidal
volume at the start of a period of mechanical ventilation
eventually become “injured” as defined by an increase of
their density above −300 Hounsfield units [28]. Importantly,
regions of the lung that present increased [18F]FDG uptake
on PET and/or CT abnormalities consistent with alterations
of regional mechanical properties also reveal gene expres-
sion patterns indicative of activation of specific in-
flammatory pathways [20, 29]. Consequently, the second
major contribution of imaging, in particular of combining
the structural information derived from CT with the
functional information derived from PET, is to provide
mechanistic insight into the pathogenesis of VILI super-
imposed on ARDS and into the molecular pathways that
underlie these conditions.

Recently, magnetic resonance (MR) techniques have
been developed to assess geometrical and mechanical
properties of the injured lungs [30, 31]. One such technique
is based on the inhalation of hyperpolarized helium (3He).
Measurement of the apparent diffusion coefficient (ADC) of

Table 1: Main strengths and weakness of CT, PET, and MR for functional lung imaging.

Strengths Weaknesses

CT High spatial resolution Radiation exposure
Speed of acquisition Limited ability to image biologic processes

PET Image biologic processes Radiation exposure
Tracer kinetic modeling Lower spatial resolution

MR High spatial resolution Requires hyperpolarized gases to image ventilation
Radiation free Limited ability to image biologic processes
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3He using diffusion-weighted hyperpolarized gas MR im-
aging yields estimates of airspace size. Using this technique,
Cereda et al. [30] demonstrated that surfactant depletion by
saline lavage is accompanied by an increase in alveolar size of
airspaces that remain aerated, most likely as a result of
distension due to parenchymal tethering to alveoli that
become atelectatic. )is observation suggests that alveolar
derecruitment and overdistension coexist in different parts
of the same lung for a given airway pressure. Application of
PEEP and instillation of surfactant recruited atelectatic lung
and decreased mean ADC, implying that they rendered the
distribution of alveolar size more homogeneous. Another
technique is based on the assessment of parenchymal
elasticity by MR elastography [31].

PET imaging of pulmonary [18F]FDG uptake has also
been used to detect inflammation due to sepsis and smoke
inhalation, conditions that are often associated with ARDS.
Studies in large animal models of sepsis using endotoxin
infusion have demonstrated that inflammation in regions of
high mechanical ventilatory strain is amplified by endotoxin
[22, 32] and that protective mechanical ventilation with high
PEEP and low tidal volume decreases [18F]FDG uptake in
such regions [33], thus supporting the double-hit theory for
the development of acute lung injury. In animal models of
acute smoke inhalation, PET has been able to detect in-
creased [18F]FDG uptake (Figure 1) before alterations of
pulmonary gas exchange became apparent, thus lending
itself to being a potentially useful early diagnostic tool for
smoke inhalation-associated ARDS [34].

Most recently, a transgenic PETreporter mouse model of
smoke inhalation has been used to demonstrate activation of
nuclear factor-kappa B (NF-κB) and expression of genes
regulated by this transcription factor at 24 and 48 hours after
acute smoke inhalation (Figure 2) [35]. Molecular imaging
of endogenous gene expression requires manipulation of the
animal’s genome and is thus more commonly done in
smaller animals, especially mice. In this technique, the
herpes simplex virus thymidine kinase gene (HSV-tk) acts as
the reporter transgene, inserted in the mouse genome under
the control of a NF-κB sensitive promoter. When NF-κB is
activated by an inflammatory stimulus, it translocates into
the nucleus and activates transcription of all NF-κB regu-
lated genes, including the HSV-tk reporter gene. )e re-
sultant reporter protein, HSV-TK, is an enzyme that
phosphorylates the acycloguanosine analog 9-(4-[18F]
fluoro-3-[hydroxymethyl]butyl)guanine ([18F]FHBG). [18F]
FHBG has two properties that make it suited for PET im-
aging: (1) it is a high-affinity substrate for the HSV1-TK
enzyme but has relatively low affinity for mammalian thy-
midine kinase, resulting in improved detection sensitivity
and reduced background noise [36]; (2) once phosphory-
lated, it is trapped inside the cell, where it accumulates
proportionally to the level of HSV-tk gene expression and
hence NF-κB activation. )is PET imaging technique thus
holds promise for elucidating the sequence of molecular and
genetic events that lead to the inflammatory process of
ARDS and VILI noninvasively and in vivo because the same
subject can be studied at multiple time points over the
evolution of the acute lung condition.

2.2. Imaging of Pulmonary Perfusion and Gas Exchange.
In addition to development of inflammation and alterations
in the distribution of lung density, ARDS is characterized by
alterations in the regional distribution of perfusion. Several
techniques have been developed to measure regional per-
fusion with PET in animal models and patients with ARDS.
One technique is based on the intravenous administration of
15O-water (H2

15O) as the radiotracer [37]. Because H2
15O is

freely diffusible in the lung, it rapidly equilibrates between
the pulmonary blood and tissue such that the concentration
of tracer in the pulmonary venous blood that flows out of a
region is equal to the concentration of tracer in the tissue
divided by the tissue-to-blood partition coefficient of the
tracer (i.e., the tracer leaves the lung at equilibriumwith lung
tissue). By measuring regional lung activity with PETduring
H2

15O infusion and the subsequent equilibration phase, it is
possible to calculate regional pulmonary blood flow from the
equation that describes the one-compartment mathematical
model of tracer distribution [37]. Regional lung water can be
measured by normalizing lung tissue activity at equilibrium
by the activity of blood water, measured from blood samples
collected during the PET scan. Intravascular lung water can
be calculated by taking a PET scan and measuring blood
activity after inhalation of 11C- or 15O-carbon monoxide,
which binds to hemoglobin with high affinity. Extravascular
lung water can then be obtained by subtracting intravascular
water from regional water. )is technique thus allows de-
termination of regional pulmonary blood flow and extra-
vascular lung water (i.e., edema). In conditions characterized
by increased pulmonary vascular permeability, such as
ARDS, extravascular lung water is expected to increase [38].
A specific measure of pulmonary vascular permeability can
also be derived with PET by measuring the pulmonary
transcapillary escape rate of a radiolabeled protein, such as
68Ga-transferrin or 11C-methylalbumin, between the in-
travascular and the extravascular space [39].

Using the H2
15O technique, Gust et al. [40] demon-

strated that perfusion redistributes away from dependent
edematous lung regions in an oleic acid-induced canine
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Figure 1: Positron emission tomography image representing
pulmonary [18F]FDG activity 4 hours after unilateral cotton smoke
inhalation to the left lung of a sheep (positioned on the right side in
the figure). Note higher activity in the smoke exposed than in the
control lung. Reproduced from Musch et al (Reference [34]).
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model of ARDS. )is redistribution acts as a homeostatic
mechanism to preserve arterial oxygenation because pul-
monary perfusion is diverted away from shunting regions.
Administration of intravenous endotoxin abolished this re-
distribution of perfusion away from dependent edematous
shunting regions, thus worsening oxygenation. Because en-
dotoxin is known to blunt hypoxic pulmonary vasocon-
striction, this experimental observation implies that vascular
smooth muscle contraction was responsible for the observed
perfusion redistribution toward nonedematous lung regions.
Interestingly, studies in patients with ARDS using the H2

15O
technique have also revealed lack of perfusion redistribution
away from edematous regions [41], suggesting that hypoxic
pulmonary vasoconstriction is, at least to some extent, im-
paired in ARDS, similarly to the experimental endotoxin
studies. Redistribution of perfusion away from injured re-
gions, similar to the oleic acid model, was instead demon-
strated after unilateral endobronchial instillation of
hydrochloric acid, a model for gastric aspiration, using PETof
68Ga labeled microspheres to measure regional pulmonary
perfusion in rats [42].

Another PET technique to measure regional pulmonary
blood flow and gas exchange is based on the intravenous
administration of 13N2 in saline solution. A bolus of 13N2 gas
dissolved in 20–30ml of saline solution is infused in-
travenously at the beginning of a 30- to 60-second apnea
while the pulmonary kinetics of 13N2 is measured by

sequential PET frames. Because of the low solubility of ni-
trogen in blood and tissues (partition coefficient between
water and air is 0.015), virtually all infused 13N2 diffuses into
the alveolar airspace of aerated alveoli at first pass, where it
accumulates in proportion to regional perfusion [43].
However, if alveoli are perfused but not aerated, for example,
because they are atelectatic or flooded with edema, 13N2
kinetics shows an early peak of tracer activity, reflecting
perfusion to that region, followed by an exponential decrease
toward a plateau for the remainder of apnea. )e magnitude
of this decrease is proportional to regional shunt (Figure 3),
and robust estimates of regional perfusion and shunt
fraction can be derived by applying a mathematical model to
the pulmonary kinetics of a 13N2-saline bolus, measured by
PET during apnea [12]. )is technique has been applied in
lavage models of ARDS to elucidate the pathophysiological
basis for the clinical observation that recruitment maneuvers
can, at times, paradoxically worsen oxygenation by diverting
perfusion toward dependent shunting lung regions [44].

3. Airway Obstructive Disease

Because in the 13N2-saline infusion technique the tracer is
delivered to the alveolar airspace by perfusion rather than
ventilation, this technique is ideally suited to quantify
hypoventilation in regions of airway obstruction, which
would not display a sufficient signal if delivery of tracer

Sham Smoke model 24hrs

Lungs

%ID/g

0 15

Lungs

Smoke model 48hrs

Figure 2: Micropositron emission tomographic image of 9-(4-[18F]fluoro-3-[hydroxymethyl]butyl)guanine ([18F]FHBG) activity in a
herpes simplex virus thymidine kinase (HSV-tk) reporter mice after smoke inhalation injury. [18F]FHBG activity is proportional to nuclear
factor-kappa B (NF-κB)-mediated gene expression. )e arrow indicates the location of the lungs. Note increased pulmonary NF-κB
activation, and hence HSV-tk expression, at 24 and 48 hours after smoke inhalation. Reproduced from Syrkina et al. (Reference [35]).

4 Contrast Media & Molecular Imaging



occurred by inhalation, as commonly done with other im-
aging techniques to measure regional ventilation. )is
characteristic makes the 13N2-saline infusion technique
particularly attractive to study lung diseases characterized by
bronchoconstriction.

When breathing is resumed after the end of apnea,
specific alveolar ventilation (i.e., alveolar ventilation per unit
of gas volume) can be calculated from the washout rate of
13N2. In the presence of uniform ventilation, the washout of
tracer is accurately described by a single compartment
model, manifested by single exponential washout kinetics
[43]. In contrast, in the presence of intraregional hetero-
geneity of ventilation, as is usually found in airway ob-
structive diseases such as asthma and chronic obstructive
pulmonary disease (COPD), the washout kinetics is better
described by a multicompartmental model, with a fast and a
slow ventilating compartments that represent alveolar units
with, respectively, normal ventilation and hypoventilation.

Using this multicompartmental model, Vidal Melo et al.
[45] were able to derive ventilation-perfusion distributions
from PET images of 13N2 that allowed accurate estimation of
blood gases in animal models of asthma by inhaled meth-
acholine. )e bimodality of these distributions during
bronchoconstriction reflected hypoventilation of large con-
tiguous regions of the lung [46], a finding that was confirmed
in patients with asthma [47]. In these states, the fraction of
lung volume presenting intraregional ventilation heteroge-
neity (i.e., multicompartmental 13N2 washout kinetics) is
substantial, in contrast to the predominant single compart-
ment behavior of normal lungs [43].

)e extreme case of hypoventilation is represented by
airway closure leading to gas trapping distal to the occluded
airway. Gas trapping regions will appear as regions of 13N2

retention on PET frames acquired at the end of the washout
phase. )is characteristic has been leveraged to demonstrate
that the prone position is effective in reducing areas of gas
trapping in asthmatic subjects with induced bronchocon-
striction [48].

Combined measurements of regional perfusion and
ventilation in patients with COPD showed that both ven-
tilation and perfusion are more heterogeneously distributed
in COPD than in normal subjects. However, the hetero-
geneity of perfusion was greater than expected from the
increase in ventilation heterogeneity and occurred pre-
dominantly at large length scales, suggesting that perfusion
heterogeneity could serve as an early biomarker of pul-
monary vascular involvement in COPD [49].

4. Conclusion

In recent years, pulmonary structural and functional im-
aging techniques based on CT, PET, and MR have been
applied to animal models of ARDS (oleic acid infusion and
saline lung lavage), sepsis (endotoxin infusion), VILI (high
tidal volume mechanical ventilation), and asthma (meth-
acholine inhalation), yielding fundamental progress in our
understanding of the pathophysiology of these conditions.
Because of their noninvasive nature, several of these tech-
niques can be translated to the corresponding human
condition, thus enhancing the clinical relevance of these
animal studies.
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e observation that amyloid radiotracers developed for Alzheimer’s disease bind to cerebral white matter paved the road to
nuclear imaging of myelin in multiple sclerosis. e lysolecithin (lysophosphatidylcholine (LPC)) rat model of demyelination
proved useful in evaluating and comparing candidate radiotracers to target myelin. Focal demyelination following stereotaxic LPC
injection is larger than lesions observed in experimental autoimmune encephalitis models and is followed by spontaneous
progressive remyelination. Moreover, the contralateral hemisphere may serve as an internal control in a given animal. However,
demyelination can be accompanied by concurrent focal necrosis and/or adjacent ventricle dilation. e in�uence of these side
e�ects on imaging �ndings has never been carefully assessed. e present study describes an optimization of the LPC model and
highlights the use of MRI for controlling the variability and pitfalls of the model. e prototypical amyloid radiotracer [11C]PIB
was used to show that in vivo PETdoes not provide su�cient sensitivity to reliably track myelin changes and may be sensitive to
LPC side e�ects instead of demyelination as such. Ex vivo autoradiography with a �uorine radiotracer should be preferred, to
adequately evaluate and compare radiotracers for the assessment of myelin content.

1. Introduction

Multiple sclerosis (MS) is a chronic in�ammatory de-
myelinating disorder a�ecting the quality of life, employ-
ment, and social relationships of approximately 2.1 million
people worldwide. e formation of focal demyelinated
lesions and progressive failure of remyelination is the main
characteristic of MS and further leads to axonal injury and
neuron loss [1]. Magnetic resonance imaging (MRI) is es-
sential for diagnosis and continuous management of MS [2].
However, conventional MRI measurements (lesion burden,
location, and type) correlate poorly with disability and lack

long-term prognostic value. New disease-modifying treat-
ments which promote remyelination are now entering
clinical evaluation [3]. erefore, an urgent challenge is to
identify the best objective, reliable, and predictive biomarker
of remyelination. ere is no consensus on which imaging
technique should be used. AdvancedMRI techniques such as
magnetization transfer imaging (MTI) [4] or myelin water
fraction (MWF) [5] are increasingly popular as research
tools but have not yet been standardized for widespread
clinical application. Quanti�cation is not straightforward, as
myelin content is inferred indirectly from water binding to
lipid bilayer macromolecules [6, 7].
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By contrast, positron emission tomography (PET) may
provide more direct quantitative assessment of myelin con-
tent, by injection of a radiolabeled probe targeting myelin
proteins. Several independent groups have illustrated the
ability of [11C]PIB to detect white matter alterations in MS
[8, 9] and other pathological conditions [10, 11]. +ese
pioneering studies have stimulated the search for new myelin
radiotracers with enhanced specific (white matter) binding
ratio over nonspecific (gray matter) binding ratio [12] and,
ideally, with fluorine-18 labeling to enable wider clinical use
[13, 14]. Among available models of demyelination, the
simple model consisting in intracerebral injection of lyso-
phosphatidylcholine (LPC, or lysolecithin) [15] appears at-
tractive for first-step evaluation of radiotracers: the detergent
action of LPC produces focal demyelination, followed by
spontaneous progressive remyelination, while the contralat-
eral hemisphere may serve as an internal control in a given
animal. Hence, several imaging studies have used the LPC
model in rats, to evaluate MRI biomarkers [16, 17] or PET
radiotracers [12, 18]. However, as previously reported by
several groups, LPC-induced demyelination may be associ-
ated with concurrent focal necrosis [16, 18, 19] and/or
ventricle dilation [20]. +e influence of these side effects
on imaging findings has never been carefully assessed.

+e present study describes an optimization of the LPC
model and highlights the use of MRI for controlling the
variability and pitfalls of the model. Using the prototypical
radiotracers [11C]PIB and [18F]AV-45, we show that (i) in
vivo PET does not provide sufficient sensitivity to reliably
track myelin changes in this model and (ii) ex vivo auto-
radiography should rather be used to adequately evaluate
and compare radiotracer performance.

2. Materials and Methods

2.1. Animals. A completed ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines checklist is
included as supplementary material (S1). All experiments
were carried out under a protocol approved by the local
ethical review board (“Comité d’éthique pour l’Ex-
périmentation Animale Neurosciences Lyon”, registration
code: C2EA-42), authorized by the FrenchMinistry of Higher
Education and Research (n°5892-2016063014207327v2), and
were in accordance with European directives on the pro-
tection and use of laboratory animals (Council Directive 2010/
63/UE, French decree 2013-118).

2.2. Housing. Adult male Sprague Dawley rats (ILAR code
Crl:CD(SD)) were ordered from Charles River (L’Arbresle,
France) and given a minimum of five days to acclimate to the
conventional housing facility, under temperature-controlled
(range 20–24°C) conditions and a 12 :12 h light-dark cycle,
with lights on at 07 : 00 and off at 19 : 00. Animals were housed
by group of six in open polycarbonate cages (Tecniplast,
2000P, L×W×H� 610× 435× 215mm, floor area 2065 cm2),
with stainless steel lids. Environmental enrichment included
spruce-based bedding of 2–4mm granulometry (Lignocel
3/4 s), round tinted polycarbonate tunnels (153× 75mm,

SERLAB), and hazel chew blocks (JR Farm). Animals were
given access to pellets of wheat and corn (Teklad Global 18%
Protein Rodent Diet, ENVIGO) and tap water ad libitum.
During housing, animals were monitored daily for health
status. At the start of the experiments, animals weighed
250–350 grams.

2.3. Surgery. Demyelination was induced by stereotaxic in-
jection of LPC (Sigma-Aldrich, ref. L4129) at 1% in saline
solution into the right corpus callosum and saline into the
contralateral site, infused at 0.1μl/min. +ree different in-
jection conditions were successively tested (no randomization):

(i) In group 1 (n � 8), injection sites were adapted from
previous studies: AP −0.3mm; ML ±3.0mm; DV
−3.5/−4.0/−4.5/−5.0mm; 2.5 μl each, from depth to
superficial

(ii) In group 2 (n � 9), injection sites were slightly
adjusted: AP −0.3mm;ML ±3.3mm; DV −3.0/−3.7/
−4.3/−5.0mm; 2.5 μl each, from depth to superficial

(iii) In group 3 (n � 10), injection sites were restricted to
corpus callosum: AP −0.3mm; ML ±3.3mm; DV
−2.8/−3.5mm; 2.5 μl each, from depth to superficial

Rats were anesthetized with isoflurane inhalation in air in
an anesthesia induction box and then transferred to a ste-
reotaxic apparatus (Stoelting) equipped with amask delivering
isoflurane at 1.0–2.5% for the duration of the experiment.
Body temperature was maintained by a heating pad set at 37°C
and monitored using a rectal probe. Pain was controlled by
buprenorphine (Buprecare, Axience), a potent opioid anal-
gesic, injected subcutaneously at a dose of 0.05mg/kg 20min
before any surgical act was performed. A local analgesic
(lidocaine/prilocaine 5%, Pierre Fabre) was also applied on the
scalp before incision. After bilateral craniotomy, LPC and
saline were slowly infused with 30-gauge needles (RN type,
NH-BIO) via a tubing (Fine Bore Polythene Tubing, Portex,
SmithMedical Intl) connected to syringes installed in injection
pumps (World Precision Instruments). +e needles were left
in place for 2min and then slowly withdrawn. After injection,
the scalp was sutured, and an antiseptic (povidone-iodine) and
local analgesic (lidocaine) were applied. +e rats were then
allowed to recover from anesthesia. +e long-term action of
buprenorphine (ca 6 hours) allowed the animals to completely
recover without the need of a second administration. No
adverse events were observed.

Imaging studies were performed on an additional batch
of animals (10 animals injected as in group 3, with a single
animal being the experimental unit) and started 7 days
postinjection with MRI. One animal showed no MRI
changes and was excluded. In vivo PET, or ex vivo auto-
radiography, was performed between 8 and 15 days post-
injection in 9 animals, a period during which no significant
spontaneous remyelination is expected [12, 17, 18].

2.4. In vivo Study. All imaging sessions were performed
under isoflurane anesthesia delivered in air by approved
systems (TEM Sega).
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2.4.1. MR Imaging. +e animals were placed in prone po-
sition in a dedicated plastic bed equipped with a stereotactic
holder (Bruker Biospec Animal Handling Systems) and
maintained under gaseous anesthesia delivered via a cone
mask throughout the MRI protocol. Body temperature was
maintained at 37± 1°C by thermoregulated water via a
circuit incorporated in the plastic bed. A respiratory sensor
was then placed on the abdomen to continuously monitor
respiration rate on a specialized device (ECG Trigger Unit
HR V2.0, Rapid Biomedical).

MRI acquisitions were performed on a horizontal 7T
Bruker Biospec MRI system (Bruker Biospin MRI GmbH)
with a set of 400mT/m gradients, controlled by a Bruker
ParaVision 5.1 workstation. A Bruker birdcage volume coil
(outer diameter� 112mm and inner diameter� 72mm) was
used for signal transmission and a Bruker single-loop surface
coil (25mm diameter), positioned on the head of the animal
to target the brain, for signal reception.

For the MRI protocol, 2D T2-weightedfat-saturated
images (T2WI) on the rapid acquisition with relaxation-
enhanced (RARE) method were obtained on axial slices.
Acquisition parameters were as follows: echo time (TE)
60ms, repetition time (TR) 5000ms, RARE factor� 8, and
average� 4. A total of 15.1mm slices were acquired with field
of view (FOV) of 3 cm× 1.5 cm and matrix size of 256×128,
providing in-plane resolution of 117×117 microns, for
4minutes’ scan time.

2.4.2. [11C]PIB PET/CT Imaging. [11C]PIB was labeled as
previously described [21]. Radiochemical purity was >95%.
After catheterization of a caudal vein, animals (n � 4) were
positioned prone in a micro-PET/CT apparatus (Inveon,
Siemens) with the head centered in the field of view (FOV).
Gaseous anesthesia was maintained via a cone mask, and
breathing rate was monitored throughout the experiment.
[11C]PIB with mean activity of 14.2MBq (383 μCi) (range,
9.6–20.2MBq) was injected intravenously as a bolus. Dy-
namic PET acquisition in list mode over 60min was started
immediately after radiotracer injection. CT scanning was
performed to correct attenuation and scatter. All PETimages
were reconstructed by 3D ordinary poisson ordered subsets
expectation-maximization (OP-OSEM3D) with 4 iterations
and a zoom factor of 2.+e reconstructed volume comprised
159 slices of 128×128 voxels, in a bounding box of
49.7× 49.7×126mm. Nominal in-plane resolution was
∼1.4mm full-width-at-half-maximum in the FOV center.

2.4.3. Image Analysis. Using the MIPAV (Medical Image
Processing, Analysis, and Visualization) application (https://
mipav.cit.nih.gov/), MR images were visually inspected in
search for areas in the corpus callosum exhibiting a nor-
malization of the natively hyposignal (Figure 1(a)) and for
any edematous hypersignal encompassing the corpus cal-
losum and adjacent areas (Figure 1(b)). A region of interest
(ROI) encompassing the abnormal area of the corpus cal-
losum was manually drawn on MR slices and mirrored onto
the contralateral corpus callosum. In addition, brain slices
were screened to identify and measure the maximal width of

the lateral ventricle along the mediolateral plane
(Figure 1(c)). Each of these two measurements was per-
formed by two operators (blind to other data). MR images
were then imported in the Inveon Research Workpackage
(IRW, Siemens) and registered onto PET/CT images.
Summed tracer uptake (% injected dose per gram) in the
ROIs was calculated from 20 to 40minutes’ acquisition.

2.5. Ex vivo Study

2.5.1. [18F]AV-45 Autoradiography. [18F]AV-45 was labeled
as previously described [22, 23]. Radiochemical purity was
>95%. Under isoflurane anesthesia, animals (n � 5) were
intravenously injected with 12.6MBq (340 μCi) (range,
8.6–18.9MBq) [18F]AV-45 and euthanized 10min after
radiotracer injection. Brains were rapidly removed, snap-
frozen at −20°C, coronally cryosectioned into 30 μm slices,
and mounted on glass slides. After air-drying at room
temperature, slides were exposed to sensitive imaging plates
(BAS-IP MS 2025, Fujifilm) for 4 hours. +e distribution of
radioactivity was then digitized on a bioimaging analyzer
(BAS-5000, Fujifilm).

2.5.2. Myelin Histological Staining. Following autoradiog-
raphy, brain sections were postfixed with 4% formaldehyde
in PBS, then briefly dehydrated in 70% ethanol. Slides were
incubated in 0.1% Sudan Black B (SBB) solution (Sigma-
Aldrich, ref. 199664) at room temperature for 10min,
washed in 70% ethanol for 10–30 s, then moved into distilled
water for mounting in aqueous medium (Roti-Mount, Carl
Roth). +e slides with demyelinated lesions were observed
and photographed under a microscope (Axioplan 2, Zeiss).

2.5.3. Image Analysis. Autoradiograms were visualized on
Multigauge software (Fujifilm). ROIs were drawn manually
on the targeted injection sites in the corpus callosum by a
single operator, and lesion-to-contralateral uptake ratios
were calculated. Corresponding ROIs were also drawn
manually on histological images, and myelin content in
ipsilateral and contralateral corpus callosum were semi-
quantitatively measured by an experienced observer blind to
the autoradiography results, using Image-Pro Plus 6.0
software (Media Cybernetics) and expressed as optical
density per unit area. +e lesion-to-contralateral ratios were
then calculated for optical density per unit area. For each
animal, quantification was performed on 4 brain sections
encompassing the whole volume showing a decreased
binding, hence resulting in 20 measurements.

2.6. Statistical Analysis. Data were analyzed on SPSS 19.0
software. Group comparisons were performed using
Kruskal–Wallis tests and Mann–Whitney test after binar-
ization of side-effect detection. Slice-by-slice correlation
between autoradiography and histology measurements, as
well as correlation between operators, used Spearman’s tests.
+e significance threshold was set at p< 0.05.
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3. Results

3.1. MRI-Based Optimization of LPC Injections.
Optimization of the injection protocol was driven by the
need to obtain a large area of demyelination in the corpus
callosum, so as to be clearly detected in vivo on PET.
However, necrosis and adjacent ventricular dilation are
pitfalls commonly reported after LPC injection
[12, 18–20]. In line with these reports, our first attempts to
establish a pure model of demyelination highlighted the
need to keep a low LPC concentration (1%) and low in-
jection speed (0.1 μL/min) (data not shown). Because
visual postmortem examination of brain tissue, seen upon
cutting brains on a cryostat, may be biased by extraction
and processing, in vivo anatomical T2-weighted MRI was

used to evaluate different injection protocols. Although
T2 contrast might be influenced by several concurrent
processes, pilot histological comparisons showed a fair
agreement between (i) the loss of the natively hypointense
contrast of corpus callosum and successful demyelination
(Figure 1(a)) and (ii) strong edematous hypersignals and
necrosis (Figure 1(b)). +erefore, in an effort to provide
immediately available criteria for enrolling animals into a
subsequent PET protocol, the following simple MRI
metrics were used for evaluating the optimization process:
(i) manual delineation of signal abnormality on corpus
callosum as a surrogate for demyelination (Figure 1(a))
and (ii) manual measurement of the maximal width of the
lateral ventricle as a surrogate for abnormal dilation
(Figure 1(c)). Two operators independently performed

(a)

(b)

(c)

Figure 1: Comparison of MRI (T2WI, left column) and histology with Sudan black B (SBB, right column) at the injection sites. Postmortem
histological staining matched in vivo MRI observations. +erefore, anatomical MRI was used to (a) manually delineate areas of de-
myelination showing corpus callosum loss of hypointense contrast (in red, withmirror region of interest in green), (b) identify necrosis areas
with overt focal edematous hypersignal (arrow), and (c) measure the maximum width of the lateral ventricle along the mediolateral plane
(red segment) as an index of ventricular dilation after LPC injection.
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these two measurements with overall good reproducibility
(both correlations were significant at the p< 0.01 level).
Importantly, deviations were below the resolution of PET
imaging. Raw data are provided as supplementary dataset
S2, and mean of the two measurements is reported
thereafter.

Figure 2 summarizes the results of this optimization
process in three experimental groups. In the first group,
we adapted previously reported injection conditions
(group 1: 4 injection sites in striatum and corpus cal-
losum; total volume 10 μl). +is led to detectable edem-
atous hypersignals in half of the animals and a mean
ventricle width of 1.9 ± 0.5mm. In group 2, increasing the
distance between the 4 injection points and the lateral
distance from the bregma only slightly decreased the rate
of edema (4 over 9 animals) and reduced ventricle width
(1.7 ± 0.5 mm). As edematous foci were mainly observed
in the striatum, we simplified the injection protocol and
kept only two injection sites, at the lower and upper levels
of the corpus callosum (group 3; total volume 5 μl); with
this protocol, no animals showed focal edema, and ven-
tricle width was further reduced (1.2 ± 0.5mm). +e mean
volume of the abnormally normalized signal in the corpus
callosum increased in parallel with the reduction of LPC
side effects, reaching 2.4 ± 0.9 mm3, which suggested in-
creased demyelination. However, these measurements
were not significantly different between groups (p> 0.05),
highlighting the residual variability of the model and
prompting us to examine how PET signals were affected.
Would the following exclusion criteria have been applied:
(i) focal edematous hypersignal or (ii) maximal lateral
ventricle width >1.4mm (corresponding to the in-plane
PET resolution)—only 5 animals over 27 would have been
considered devoid of side effects and selected (1 in group 1
and 4 in group 3). Of note, the volume of the abnormally
normalized signal in the corpus callosum, or “apparent”
demyelination, was significantly higher in these 5 rats
than in the 22 others with at least one side effect
(p � 0.03).

3.2. In vivo [11C]PIB PET. Among a new batch of animals,
injected in the conditions as group 3, four additional rats
were selected, to reflect the variety of lesions and pitfalls
following LPC injection. +ese animals underwent [11C]PIB
PET imaging between 8 and 15 days after stereotaxic in-
jection. Apparent demyelination volume on MRI and [11C]
PIB uptake within this volume and in a mirror volume in the
contralateral corpus callosum are reported in Table 1. In rats
A and B, [11C]PIB uptake was not decreased (ratio≥ 1)
despite a large demyelination area without edematous lesion
or ventricle dilation (Figures 3(a) and 3(b)). Rats C and D
presented a smaller demyelination area and one side effect
each: focal edema in rat C (Figure 3(c)) and ventricle dilation
(max width> 1.4mm) in rat D (Figure 3(d)). MRI-driven
quantification showed slightly decreased [11C]PIB uptake in
rat C (ratio 0.88) but not rat D (ratio 1.00). Importantly, PET
images highlighted decreased PIB uptake at the necrosis and
ventricle dilation sites. +ese results strongly suggested that

in vivo [11C]PIB PET imaging could not reliably detect
demyelination in the LPC-induced rodent model. Moreover,
side effects of LPC injection may lead to false-positive de-
tection of demyelination when concurrent MRI is not
available. +ese qualitative but clear-cut results were con-
sidered as an endpoint for the PET study.

3.3. Ex vivo [18F]AV-45 Autoradiography. Because in vivo
detection of LPC-induced demyelination may be inaccurate
due to lack of spatial resolution and consequently decreased
sensitivity, 5 additional animals, injected in the same con-
ditions as group 3, underwent ex vivohigh-resolution au-
toradiography. Obtaining ex vivo images with a measurable
signal-to-noise ratio required changing from the carbon-11
PIB tracer to a fluorine-18 radiotracer, such as [18F]AV-45.
At this 100 μm spatial resolution, pitfalls of the animal model
were easily identified as complete lack of signal in the 2D
images (Supplementary Figure S3) and could not be con-
founded with loss of binding in the demyelinated corpus
callosum. Binding in the ipsilateral corpus callosum was
clearly decreased in all animals (Figure 4(a)), confirming the
MRI observations (Figure 4(b)). +e ipsi-to-contralateral
[18F]AV-45 uptake ratio, averaged from 4 brain sections
per animal, was similar in all five animals (0.78± 0.02).
Furthermore, subsequent myelin histology on the same
sections correlated visually (Figure 4(c)) and quantitatively
(Figure 4(d), r= 0.559, p � 0.005) with the corresponding
[18F]AV-45 signals.

4. Discussion

Unilateral LPC-induced demyelination has gained increased
popularity as a first-line animal model for preclinical
evaluation of imaging biomarkers. Compared to other ro-
dent models of demyelination, it has the advantages of (i)
producing larger demyelination lesions than EAE models
[24] and (ii) not requiring another group of control animals,
as for transgenic shivered mice [25] or cuprizone-induced
demyelination [26]. +e goal of the present study was to set
up a workflow for the evaluation of new myelin radiotracers
using this LPC model in rats.

As a first step, we observed, as previously reported, that
demyelination of the corpus callosum can be accompanied
by necrosis and/or ipsilateral ventricle dilation [19, 20].
Necrosis might be due to locally excessive LPC concen-
tration, and ventricle dilation is thought to be mediated by
inflammation. Here, we used anatomicalMRI tomonitor the
incidence of these side effects in vivo (Figure 1). By targeting
white matter in the corpus callosum only (without striatum),
and by increasing the mediolateral distance of the injection
sites, we were able to reduce the proportion of animals
without any side effects. Further refinements of the injection
procedure might include the use of (i) glass-capillary
microneedles to minimize tissue damage and nonspecific
inflammatory responses [27] and (ii) T2 mapping instead of
T2-weighted imaging, so as to allow an operator-
independent,threshold-based, estimation of ventricle vol-
ume, and corpus callosum apparent demyelination [28].
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Although previous studies reported testing several in-
jection conditions [17, 19], the impact on imaging was never
assessed. +erefore, in the second step, a limited number of
PET imaging sessions with the reference radiotracer [11C]PIB
were conducted in additional animals representing the range
of pathological conditions observed after LPC injection. +e
results unambiguously showed that ipsilateral tracer uptake in
areas of demyelination was not decreased after LPC injection
(rats A and B), although their volume exceeded the resolution
of the small-animal PET scanner. Even more concerning was
the observation of apparently decreased uptake in the necrosis
site or enlarged ventricle (rats C and D). +erefore, in the
absence of individual MRI, PET-driven analysis might in-
correctly suggest demyelination (false-positive detection).
+ese results highlight the low sensitivity of [11C]PIB for
detecting demyelination in small-animal models. Several
factors may be put forward, including the mm-range reso-
lution of small-animal PET scanners, combined with the low
volume of highly myelinated axons in rodents, but also the
relatively high nonspecific binding of [11C]PIB. For ethical

reasons, we considered these qualitative but clear-cut results
as an endpoint for our PET study.

In the third step, we used ex vivo autoradiography
instead of in vivo imaging. Five additional animals were
injected with the fluorine-18 radiotracer [18F]AV-45, be-
cause the short half-life of carbon-11 prevented accu-
mulating enough signal. It should be noted that in vitro
autoradiography is of little value for assessing radiotracer
binding to myelin, because white matter to gray matter
contrast entirely depends on washing conditions (data not
shown) and might not reflect in vivo uptake. Ex vivo
autoradiography appeared to be a viable strategy for
assessing radiotracer performance in the LPC model for
several reasons. First, side effects were easily identified and
distinguished from the surrounding tissue on brain sec-
tions. Second, the signal drop in the injected corpus cal-
losum reached 20%, which was highly reproducible
(coefficient of variation < 3% between the 5 rats) and
correlated with histology measurements. +ough quanti-
fication was restricted to discrete 2D measurements on

1
50%
(4/8)

Group Injection site Necrosis Maximum ventricle width (mm) Demyelination volume (mm3)

2
44%
(4/9)

3
0%

(0/10)

–3 –2 –1 0 1 2 3 4

3

Saline LPC
3

3.3

Saline LPC
3.3

3.3

Saline LPC
3.3

Figure 2: Optimization of the LPC injection protocol. LPC concentration (1% in saline) and infusion rate (0.1 μl/min) were kept constant
between the three groups. +e injection sites are shown in the corresponding Paxinos coronal diagram, with the following coordinates:
group 1, AP −0.3mm,ML ±3.0mm, DV −3.5/−4.0/−4.5/−5.0mm; group 2, AP −0.3mm,ML ±3.3mm, DV −3.0/−3.7/−4.3/−5.0mm; group
3, AP −0.3mm, ML ±3.3mm, DV −2.8/−3.5mm. Each site was infused with 2.5 μl of LPC, from depth to superficial. +e rate of animals
exhibiting focal edematous hypersignals on MRI (as in Figure 1(b)) is given as a percentage (and number of animals out of total the group
number).+e graph shows the maximum ventricle width (measured along the mediolateral plane as in Figure 1(c), and arbitrarily expressed
as a negative value, in mm) and the total volume of corpus callosum exhibiting a normalization of the natively hypointense contrast
(measured as in Figure 1(a), in mm3).

Table 1: Quantification of [11C]PIB uptake in ipsilateral (LPC) and contralateral (SAL) regions of interest (ROI) manually drawn onto T2WI
(as shown in Figure 1(a)). +e LPC-to-SAL ratio is expected to be< 1 in case of demyelination.

Rat MRI observations Vol. (mm3) of ROI on T2WI
[11C]PIB uptake (%ID/g)

LPC SAL Ratio
A Large demyelination 5.20 0.16 0.15 1.03
B Large demyelination 3.70 0.53 0.47 1.12
C Small demyelination with necrosis 2.20 0.25 0.29 0.88
D Small demyelination with ventricle dilation 1.90 0.23 0.23 1.00
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four brain sections per animal in this proof-of-concept
experiment, 3D-reconstruction methods dedicated to
autoradiography may be used in future studies to assess
signal drop in a continuous volume similar to in vivo

imaging [29]. Overall, these promising results are in line
with recent reports of repurposed fluorine-18 labeled
amyloid radiotracers in MS patients (florbetapir or [18F]
AV-45 [30] and florbetaben or [18F]AV-1 [31]).

(a)

(b)

(c)

(d)

Figure 3: In vivo PETimaging with [11C]PIB. T2WIMRI is shown in the left column and overlaid with a 20min summed PETimage of [11C]
PIB in the right column. Rats A and B (a, b) exhibited a large demyelination area without necrosis or ventricle dilation. Rats C and D (c, d)
presented a smaller demyelination area and necrosis (c) or ventricle dilation (d).
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5. Conclusion

+is study aimed to draw attention to common pitfalls as-
sociated with LPC injections in the central nervous system
and their impact on nuclear imaging of myelin. While this
animal model is attractive for evaluating imaging biomarkers
of demyelination and remyelination, in vivo PET imaging in
small animalsmay be sensitive to side effects of LPC injections
rather than real demyelination. We conclude that appropriate
use of this rodent model requires MRI to correctly identify
animals with pure demyelination and ex vivo autoradiography
to track spatial myelin changes with enough sensitivity. Al-
ternatively, longitudinal studies with in vivo PET imaging
could possibly be performed after LPC injection in larger
animals, such as rabbits [32], swine [33], or primates [34].
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Ultrasound is a noninvasive routine method that allows real-time monitoring of fetal development in utero to determine
gestational age and to detect congenital anomalies and multiple pregnancies. To date, the developmental biology of Chinchilla
lanigera has not yet been characterized. �is species has been found to undergo placentation, long gestation, and fetal di-
mensions similar to those in humans. �e aim of this study was to assess the use of high-frequency ultrasound (HFUS) and
clinical ultrasound (US) to predict gestational age in chinchillas and evaluate the possibility of this species as a new animal
model for the study of human pregnancy. In this study, 35 pregnant females and a total of 74 embryos and fetuses were
monitored. Ultrasound examination was feasible in almost all chinchilla subjects. It was possible to monitor the chinchilla
embryo with HFUS from embryonic day (E) 15 to 60 and with US from E15 to E115 due to fetus dimensions.�e placenta could
be visualized and measured with HFUS from E15, but not with US until E30. From E30, the heartbeat became detectable and it
was possible to measure fetal biometrics. In the late stages of pregnancy, stomach, eyes, and lenses became visible. Our study
demonstrated the importance of employing both techniques while monitoring embryonic and fetal development to obtain an
overall and detailed view of all structures and to recognize any malformation at an early stage. Pregnancy in chinchillas can be
con�rmed as early as the 15th day postmating, and sonographic changes and gestational age are well correlated.�e quantitative
measurements of fetal and placental growth performed in this study could be useful in setting up a database for comparison
with human fetal ultrasounds. We speculate that, in the future, the chinchilla could be used as an animal model for the study of
US in human pregnancy.

1. Introduction

�e developmental biology of the domesticated long-
tailedChinchilla lanigera, a South American species, is not
well characterized. Recently, it has been shown that placental
and fetal metabolism and the placental vessels of chinchillas
are very similar to those of humans [1, 2]. �e chinchilla
placenta is of the haemomonochorial labyrinthine type and

therefore resembles the human villous haemomonochorial
placenta, demonstrating that this species is suitable for
human obstetric research and for the study of placental and
fetal functions [3–5]. Females typically twin (range: 1–6
pups) after a gestation of ∼112 days (range: 105–115 days)
and give birth to 2–3 litters per year, resulting in relatively
fewer o�spring than those of other rodent species [6]. �e
reproductive physiology of the hystricomorph chinchilla is
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different from that of myomorphic rodents typically used in
biomedical research. At the same time, the chinchilla has a
long gestation period and a long estrus cycle compared with
other rodents; for example, the gestational period of guinea
pigs ranges from 59 to 72 days, that of rats from 21 to
23 days, and that of mice from 19 to 21 days [7–10]. (e long
gestation and the reduced number of fetuses per gestation
allow for better visualization of the embryo, longer longi-
tudinal monitoring, and a more detailed analysis of the
placenta and fetal organs. In addition, the weight of the
neonatal chinchilla is relatively high (50–70 g) compared to
the weight of the adult chinchilla and or of other rodent
models, which facilitate instrumental ultrasonographic ex-
amination [8].

Ultrasonography is the imaging technique of choice for
analyzing embryonic and fetal formation in utero [11–15].
Until a few decades ago, structural phenotyping was based
on macroscopic examinations and histological techniques
that only allowed the postmortem analysis of static struc-
tures. Subsequently, different imaging approaches have
become available for the study of small animals, such as
ultrasonography, magnetic resonance imaging (MRI), op-
tical imaging, and confocal biomicroscopy [2, 16–18]. (e
ability of ultrasonography to acquire longitudinal data in
real time noninvasively, the ability to analyze the mor-
phology of nearly all the organs, and the ability to perform
quantitative measurements on most of the structures have
made this imaging modality particularly advantageous in the
field of medical imaging. Conventional ultrasonography
uses a range of frequencies, from 2 to 15MHz, with a spatial
resolution of 200–500 μm; the limitations of these systems
have become evident in several studies on embryonic de-
velopment in the mouse, particularly during the morpho-
genesis phase [11]. Technological progress has also led to the
development of high-frequency ultrasonography (HFUS),
which achieves microscopic resolution and is thus the best
imaging technique to monitor the embryonic development
of small animals. HFUS systems use higher frequencies,
between 40–100MHz, and have a spatial resolution of ap-
proximately 30 μm; therefore, they are useful for imaging
developmental processes occurring in small organisms
[11, 13].

Previously, our research group used HFUS to monitor
embryonic and fetal development in mice. We assessed
changes in phenotypic parameters during pregnancy and
evaluated physiological fetal parameters of the principal
organ development to build a database of normal structural
and functional parameters of mouse development [12, 13].
Due to the chinchilla embryos’ dimensions, it was not
possible to monitor the entire pregnancy with HFUS (with
the exception of some specific parameters), but it was
necessary to use conventional ultrasound in the advanced
stage of pregnancy. Up until today, there are no published
reports on the use of ultrasound to monitor the fetal de-
velopment of chinchillas. (e aim of our research was to
acquire new knowledge of the reproductive physiology of
chinchillas based on the gestational similarities with humans
and to assess whether this species could potentially be used
in obstetric biomedical research.

2. Materials and Methods

(e study was performed with the consent of chinchilla
owners and breeders. Ethical clearance (50380-2018) from
the Ethical Committee for Animal Experimentation of the
University of Naples Federico II was obtained.

Healthy pregnant chinchillas were analyzed at the In-
terdepartmental Radiology Center of the University of
Naples Federico II and at the La Plata breeding center in
Cupello (CH), Italy.

We divided the pregnancy into four stages: very early
stage (T1) from embryonic day (E) E15 to E30, early stage
(T2) from E31 to E46, intermediate stage (T3) from E47 to
E70, and advanced stage (T4) from E71 to E115. (e
pregnancy stage of the monitored females was determined
by the date of their last birth. (e chinchilla, as well as the
guinea pig, begins a new estrous 12–48 h after birth [6].
From this date, we assumed a period of approximately
115 days of gestation; at parturition, both the effective time
of conception and the stages of gestation were retrospec-
tively confirmed.

2.1. Ultrasound Imaging. All ultrasound (US) exams were
performed by an experienced veterinary ultrasonographer
on awake subjects gently restrained to avoid any possible
stress to the pregnant females. We monitored 35 pregnant
females with a mean age of 3.5 years. Of those, 15 were in
their second coupling, 10 in their first, and 10 in their third.
(e animals used for this study underwent a trichotomy of
the pelvic and abdominal area for which no sedation was
necessary since the chinchilla is a docile animal. All mea-
surements were made by the same ultrasonographer to
ensure consistency during the investigation. In each preg-
nant female, 2-3 embryos were imaged. (e number of
fetuses ultrasonographically assessed was compared to the
actual number of fetuses at parturition, as communicated to
us by the breeders and owners. After obtaining the US results
of the entire study, the pregnancy was divided into four
stages in order to longitudinally analyze the same
morphometric parameter. Each chinchilla was monitored
with US in a period ranging from E15 to E115, for a total of
four US examinations for each chinchilla. US was performed
every two weeks at the beginning of the pregnancy, at T1 and
T2, and about every 40 days during T3 and T4, to avoid
excessive stress on the animals. (e exact day of pregnancy,
in which US was performed, was retrospectively determined
only after the delivery date, which was communicated to us
by the breeders and the owners.

During stage T1, we used the high-frequency ultrasound
system, Vevo 770 (Visualsonics, Canada), equipped with a
40MHz high-resolution linear transducer (focal length
6mm, depth of penetration 5–15mm, resolution 30–40mm
axial, and 70–90mm lateral). During the other stages, we
used a US device (MyLab 30, Esaote, Firenze, IT) equipped
with a 12MHz linear probe. A series of measurements were
obtained: the longitudinal and transversal diameters of the
gestational sacs and the diameter and thickness of the
placenta at T1. At T2, T3, and T4, wemeasured the size of the
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gestational sacs, the diameter and thickness of the placenta,
and the crown-rump length (CRL). Furthermore, we mea-
sured the head diameter (HD), the body diameter (BD), the
occipital-snout length (OSL), and the heart rate (HR); the
femur length (FL) and the stomach were measured from T3,
and eye and lens diameter were measured at T3.

2.2. Statistical Analysis. Continuous variables were re-
ported as the mean± standard deviation. Univariate
analysis between each variable and embryonic day was
performed using Spearman’s rank correlation (Rs). Linear
regression analysis was used to assess the relationships
between embryonic variables and gestational time. A p

value< 0.05 was considered statistically significant. Sta-
tistical analyses were performed using MedCalc 18.2.1
software (Ostend, Belgium).

3. Results

3.1. Ultrasonographic Findings. (e ultrasonographic ex-
amination was feasible in all chinchilla subjects. Every ul-
trasonographic examination lasted approximately 10min.
Both techniques, HFUS and US, were able to diagnose
pregnancy. However, not all fetal structures could be vi-
sualized with both techniques. In the first stage (T1), we
found 74 embryos, but at the delivery, this number decreased
as the 35 chinchillas effectively delivered 67 cubs. Consid-
ering the 35 pregnant females, the pregnancy loss was 11%.
Since it was not possible to obtain the measurements of each
parameter at every ultrasonographic examination, we re-
ported the exact number of fetuses, for which each pa-
rameter was measured (Table 1).

It was possible to monitor the chinchilla embryos with
HFUS from E15 to E60 and with US from E15 to E115. (is
was due to the increasing fetal dimensions that do not permit
accurate measurement of several fetal structures with HFUS.
(e assessability of the analyzed fetal structures depended on
their dimensions and thickness: the placenta was 100%, the
HD was 82%, the CRL was 57%, and the femur was 26%. We
summarized the assessed structures per gestational stage and
the employed ultrasound technique in Table 2.

At T1, from E15 to E30, it was possible to visualize the
gestational sac with both HFUS and US. However, the
placental diameter and thickness were visualized and
measured only with HFUS because the placenta at this stage
is not yet discoidal in shape. In the very early stage, it was
also possible to identify and measure the gestational sac and
to distinguish the primitive node (Figure 1).

At T2, from E30 to E46, the placental diameter and the
placental thickness were visualized with US. From E30, it
was possible to measure the CRL with both HFUS and US
(Figure 2), and from E38, the BD was also measurable. All
these parameters were better visualized with HFUS at T2.
(e OSL, in particular, could be visualized and measured
from E40 because, at this gestational age, the head becomes
well defined.

Table 1: Number of embryos for each measurement.

Type of measurement Gestational
age (days)

Number of embryos
measured

Longitudinal sac diameter E15–E49 44
Transversal sac diameter E15–E49 44
Placental diameter E15–E107 74 to 67
Placental thickness E15–E107 74 to 67
Lens E60–E107 23
Eye E55–E107 22
Head diameter E31–E107 61
Occipital snout length E40–E107 61
Heart rate (BPM) E31–E107 55
Stomach E55–E107 33
Longitudinal body diameter E38–E107 61
Femur E66–E107 19
Crown-rump length E31–E70 42
E: embryonic day; BPM: beats per minute.

Table 2: Ultrasound visible fetal anatomic structure per gestational
stage.

Stage Anatomic embryo/fetal structure Ultrasound
techniques

T1 (E15–E30)

Longitudinal sac diameter HFUS, US
Transversal sac diameter HFUS, US

Placental diameter HFUS
Placental thickness HFUS

T2 (E31–E46)

Longitudinal sac diameter HFUS, US
Transversal sac diameter HFUS, US

Placental diameter HFUS, US
Placental thickness HFUS, US
Head diameter HFUS, US

Occipital snout length HFUS, US
Heart rate (BPM) HFUS, US

Longitudinal body diameter HFUS, US
Crown-rump length HFUS, US

T3 (E47–E70)

Placental diameter HFUS, US
Placental thickness HFUS, US

Lens HFUS, US
Eye HFUS, US

Head diameter HFUS, US
Occipital snout length HFUS, US
Heart rate (BPM) HFUS, US

Stomach HFUS, US
Longitudinal body diameter HFUS, US

Femur HFUS, US
Crown-rump length US

T4 (E71–E115)

Placental diameter US
Placental thickness US

Lens US
Eye US

Head diameter US
Occipital snout length US
Heart rate (BPM) US

Stomach US
Longitudinal body diameter US

Femur US
Crown-rump length US

BPM: beats per minute.
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At E30, the heartbeat was detectable for the first time
with HFUS, and it was possible to visualize the completed
neural tube at E46 (Figure 3).

From E55, it was possible to detect the stomach, the eyes,
and the lenses (Figure 4).

At E66, the femur became clearly visible and measurable
because of increased mineralization (Figure 5(a)). In the
advanced pregnancy stage T4 (E75–E115), it was no longer
possible to measure the CRL due to fetal dimensions, bone

mineralization was pronounced, and the dimensions of eyes
and lenses were approximately the same as those in new-
borns (Figure 5).

From the beginning of the intermediate stage T3
(E47–E70), it was possible to monitor the chinchillas only
with US due to the growing dimensions of the fetal
structures. However, we were able to use HFUS to
measure the anteroposterior and laterolateral lens di-
ameters until E115. HFUS in this stage of gestation (E60)

(a) (b)

Figure 1: HFUS B-mode image at E15. (a) An embryo 1.06mm in diameter (arrow) is evident. (b) (e placenta (4.24× 9.17mm).

(a) (b)

(c) (d)

Figure 2: Images of a chinchilla embryo at embryonic day 31 (E31). HFUS B-mode: (a) the umbilical cord (arrow) is evident; (b) measurement
of the crown-rump length (CRL) (double-headed arrow) (3.34mm). US B-mode: (c) image of the embryo (e) and the gestational sac diameter
(GSD) (16mm); (d) measurement of the CRL (6mm).
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was also useful to visualize the interventricular septum of
the heart and to quantify the HR until the end of
pregnancy.

3.2. Statistical Analysis. Summarizing the most important
results of the first two stages (T1 and T2), the diameter of the
placenta increases from 0.8 cm to 1.6 cm (about 2-fold) and

(a) (b)

Figure 3: HFUS B-mode image of the embryo at embryonic day 46. (a) (e head diameter (HD) (4.3mm) and the body diameter (BD)
(3.1mm) are highlighted (arrows); (b) the neural crest (arrows) is visible.

(a) (b)

(c) (d)

Figure 4: Embryonic days 49–60. US B-mode: (a) images of the head at embryonic day 49 with themeasurements of the head diameter (HD)
(short axis) and occipital to snout length (OSL) (long axis) (9.1× 5.3mm); (b) head US aspect at embryonic day 49: skull bones are
hyperechoic but still not mineralized; (c) measurement of the occipital to snout length (OSL) at embryonic day 67 (12.6mm); HFUS B-
mode: (d) the eyes (arrow) and the ears are visible at E60.
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the thickness of the placenta increases from 0.4 to 1.21 cm
(about 3-fold). A plot of the analysis of the diameter and the
thickness of the placenta, measured longitudinally in the
four stages, is presented in Figure 6.

(e longitudinal size of the gestational sacs increased
from 1.17 to 2.39 cm (2-fold) until E49. Also, the CRL, HD,
and BD gradually increased (CRL: 0.7 to 2.7, about 4-fold;
HD: 0.25 to 0.65, about 5-fold; BD: 0.85 to 1.9 cm, about 2-
fold) till the end of the pregnancy (Figures 2 and 3). (e
precise measurements of the parameters from the first day of
pregnancy to the last are reported in Table 3.

All structural measurements, except for femoral length,
were significantly correlated with gestational age.(e results
of correlation analysis are reported in Table 4.

Based on the period during which it was possible to
measure the aforementioned variables simultaneously, they
embryos measured were placed in three groups for the
regression analysis: group 1 included variables measurable
between time T1 to T3 (i.e.,gestational sac diameter and
placental diameter and thickness); group 2 included vari-
ables measurable between time T2 to T3 (i.e.,placental di-
ameter and thickness, CRL, HD, BD, OSL, and HR); group 3
included variables measurable between time T2 to T4
(i.e.,placental diameter and thickness, BD, OSL, HD, and
HR). Using this analysis, three models for predicting ges-
tational age were obtained (Table 5).

4. Discussion

We examined embryo and fetus development in the C.
lanigera using an ultrasonographic technique, and we pre-
dicted gestational age with the analysis of ultrasound
parameters.

Ultrasonography is a noninvasive method that provides
a longitudinal, real time, and detailed morphological eval-
uation of fetuses in vivo. Furthermore, US is quick and less
expensive than other imaging modalities when screening for
neonatal defects. We performed a longitudinal, qualitative,
and morphometric evaluation of chinchilla embryonic pa-
rameters from E15 to the last day of pregnancy using HFUS
and US. As in human obstetrics, we analyzed different
morphometric parameters useful to predict the gestational

age of the fetus (such as the CRL or the HR) and others like
the HD, the OSL, or the BD, embryo anatomical size
measurements, position of the placenta, and structures,
which are useful for predicting anomalies in the unborn
child. (e ultrasonographic exam was feasible in all subjects,
even when subjects were awake. (e main difficulty en-
countered when performing the US exam was related to the
anatomy of the chinchilla, which has a highly developed
caecum that can sometimes hinder the sight of some
structures of interest. Furthermore, the fetuses of chinchillas
have a big head that, especially in the last part of pregnancy,
when mineralization is advanced, can obstruct the visuali-
zation of other anatomical structures of the fetus. Lastly, US
is a subjective technique in which the expertise and capa-
bilities of the operator are of paramount importance. In
further studies, it would be useful to compare US evaluation
performed by two or more operators to assess reliability,
sensitivity, and specificity of the method.

Since the animals examined in this study were bred or
owned as pets, we had to perform our exams on awake
subjects. (is circumstance and the abovementioned ana-
tomic characteristics of the chinchilla limited the analysis of
some anatomical structures. However, the morphometric
data we obtained for the different parameters during
pregnancy were consistent and reproducible within the same
gestational stage, and no female showed any signs of stress
during or following US examinations. All subjects com-
pleted their pregnancies although some fetuses were reab-
sorbed. Studies performed in mice under general anesthesia
are more detailed; however, the use of anesthetics often
affects the newborn offspring, thus disrupting the possible
comparison with human ultrasound findings [19].

Our intent was to protect the well-being of the cubs and
fetuses and to demonstrate the noninvasiveness and feasi-
bility of ultrasonographic examination, which can also be
performed on awake subjects. In our study, some obser-
vation days were missed because we performed only four US
examinations per chinchilla (from E15 to E115). (is was
done to avoid excessive stress on the pregnant females. Also
limiting in our study is that, in the 115 days, we performed
the first two US analyses in the first 115 days, about every
2weeks and then about every 40 days thereafter, so we

(a) (b) (c)

Figure 5: Embryonic days 98–102. US B-mode and HFUS: (a) measurement of the femur (16.5mm); (b) measurement of the eye (arrows)
and lens (arrowheads); (c) HFUS B-mode image of the heart (rv: right ventriculum; lv: left ventriculum) at embryonic day 102. (e
interventricular septum (arrow) is visible.
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lucked some temporal points of observation. (is was due to
difficulties reaching the breeding center and also because the
chinchillas used for the study were domesticated animals
and not experimental animals. (us, we adjusted our re-
search to suit the availability of the breeding center and
owners.

We used a best-fit regression coefficient to analyze which
parameters could be predicted for each gestational age.
Based on our results, the placental thickness at T1–T3, the

HR, and the CRL at T2-T3, and the HD and HR at T2–T4
could be used to predict the exact gestational age of the
chinchilla fetuses. However, some parameters, such as the
femoral length, which are used to predict gestational age in
human pregnancy, have to be further evaluated to increase
casuistry. Furthermore, other parameters will likely be
needed to better predict gestational age. For this reason, it is
useful to have a precise database of physiological
morphometric parameters of embryo and fetal development
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Figure 6: Plot of the US measurement of the placental diameter (a) and of the placental thickness (b) obtained from E15 to E115.

Table 3: Morphometric evaluation (in mm).

Type of measurement Measurement at the beginning of pregnancy
(mean± SD) Measurement at the end of pregnancy (mean± SD)

Longitudinal sac diameter 11.7± 1.6 (E15) 23.9± 2.9 (E49)
Transversal sac diameter 8.9± 2.0 (E15) 18.6± 1.8 (E49)
Placental diameter 8.3± 0.6 (E15) 20.5± 5.6 (E107)
Placental thickness 4.1± 0.5 (E15) 13.6± 2.4 (E107)
Lens diameter 1.4± 0.3 (E60) 2.2± 0.8 (E107)
Eye axis 3.2± 0.6 (E55) 4.9± 1.2 (E107)
Head diameter 2.6± 0.7 (E31) 16.4± 1.7 (E107)
Occipital to snout length 5.0± 0.4 (E40) 26.9± 5.2 (E107)
Heart rate (BPM) 154± 13.8 (E31) 138± 39 (E107)
Stomach diameter 3.7± 1.0 (E55) 7.3± 2.1 (E107)
Body diameter (long axis) 8.5± 2.2 (E38) 19.0± 4.3 (E107)
Femur length 9.4± 0.7 (E66) 14.5± 4.3 (E107)
Crown-rump length 7.1± 3.3 (E31) 27.0± 7.8 (E70)
BPM: beats per minute.
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during chinchilla pregnancy, even if divided in stages and
not in days, in order to diagnose pathological conditions that
could occur.

Since 1947, the efficiency of animal models for the study
of human pathologies of pregnancy has been investigated.
Even today an adequate model for the study of human
pregnancy has yet to be found [20]. A recent study shows
that, in animal perinatology, the use of animal models does
not give adequate mathematical correlations with human
pregnancy preterm birth [21]. (e choice of the right animal
model in human obstetrics is challenging because there are
several aspects to consider. (e duration of gestation, the
number of fetuses for each pregnancy, and the placental
morphology are all important parameters to evaluate when
comparing placentation and fetal morphology between
rodents and humans. Other aspects that should not be
underestimated are the management costs of the animal, the
ease of animal housing, and the legislation (Directive 2010/
63/EU) that regulates the use of one species instead of
another as an animal model for biomedical research.

(e chinchilla might be more suitable as an animal
model for human obstetrics than the guinea pig and other
rodents because of the longer duration of pregnancy
(105–115 days) [22–24]. (e female chinchilla’s placenta is
comparable to the human haemomonochorial placenta,
which is formed of only one layer of syncytiotrophoblasts,
unlike the other rodents [2]. Furthermore, chinchilla cubs
are fully developed, covered with hair, have already

developed sight and hearing, and are able to move a few
hours after birth. (ese characteristics make chinchilla
development resemble humans, who have a longer in-
trauterine development than myomorphic rodents and
rabbits. Finally, the reduced number of offspring (1–6, on
average 1 or 2 cubs per gestation) facilitates monitoring of
the same fetus with US, avoiding errors due to the presence
of numerous fetuses in a single pregnancy and allowing a
higher spatial resolution and sensitivity using imaging
techniques. (e discordant data between the number of US
examinations and the number of fetuses communicated by
the owners and breeders are probably due to fetal reab-
sorption that often occurs in this species [25].

5. Conclusions

In conclusion, US lasts only a few minutes and is well
tolerated in chinchillas, which have proved to be a suitable
animal model for the study of human pregnancy and bio-
medical research in general [25]. Our research has provided
important data, which allow the division of the gestation in
four stages. (is is particularly relevant in chinchillas since
estrus is often silent and does not permit detection of the
exact time of mating; with ultrasound, it is possible to es-
tablish the exact stage of pregnancy because of the reliability
of morphometric measurements. One limitation of the study
is the fact that we analyzed each chinchilla only four times
during the entire pregnancy, which resulted in some

Table 4: Spearman’s correlation coefficient and significance of each embryonic parameter.

Embryonic structure Correlation coefficient p

Longitudinal sac diameter 0.765 <0.0001
Transversal sac diameter 0.683 <0.0001
Placental diameter 0.841 <0.0001
Placental thickness 0.902 <0.0001
Lens diameter 0.639 0.0014
Eye axis 0.313 0.1914
Head diameter 0.942 <0.0001
Occipital to snout length 0.923 <0.0001
Heart rate (BPM) −0.362 0.0062
Stomach diameter 0.517 0.0114
Body diameter (long axis) 0.919 <0.0001
Crown-rump length 0.71± 0.33 (E31) 2.70± 0.78 (E70)
BPM: beats per minute.

Table 5: Best-fit regression coefficient and standard error for the three groups of variables.

Gestation time Model Set of parameters Coefficient Standard error p

T1–T3 1
Placental thickness 2.54 0.15 <0.0001

Constant 0.007

T2-T3 2
Heart rate in beats per minute −0.009 0.001 <0.0001

Crown-rump length 0.30 0.03 <0.0001
Constant 3.19

T2–T4 3
Head diameter 1.26 0.06 <0.0001

Heart rate in beats per minute −0.004 0.001 0.0008
Constant 2.34

Model 1 uses placental thickness to predict the gestational age from T1 to T3. Model 2 uses HR and CRL to predict gestational age from T2 to T3. Finally,
model 3 uses HD and HR to predict gestational age from T2 to T4.
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longitudinal observations being missed. Further studies will
be carried out by our group to obtain all morphometric
measurements that will cover the entire pregnancy of the
chinchilla.
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Background. While metformin is the �rst-line pharmacological treatment of diabetes mellitus type 2, this drug is not considered
safe to use in pregnant women because of its unknown consequences for the fetus. In this study, we aimed to investigate the
biodistribution of metformin in the pregnant chinchilla, a species exhibiting placental characteristics comparable with the
pregnant woman. Furthermore, we aimed to investigate the expression of metformin transporters in humans and chinchillas,
respectively, in order to evaluate the pregnant chinchilla as a novel animal model for the use of metformin in pregnancy.Methods.
ree chinchillas in the last part of gestation were injected with [11C]-metformin and scanned by PET/CT for 70minutes to
visualize the distribution. To investigate the di�erence in expression of placenta transporters between humans and chinchillas,
PCR was performed on samples from �ve chinchilla placentae and seven human placentae. Results. Dynamic PET with [11C]-
metformin showed that the metformin distribution in chinchillas was similar to that in nonpregnant humans, with signal from
kidneys, liver, bladder, and submandibular glands. Conversely, no radioactive signal was observed from the fetuses, and no
metformin was accumulated in the chinchilla fetus when measuring the SUV. PCR of placental mRNA showed that the human
placentae expressed OCT3, whereas the chinchilla placentae expressed OCT1. Conclusion. Since metformin did not pass the
placenta barrier in the pregnant chinchilla, as it is known to do in humans, we do not suggest the chinchilla as a future animal
model of metformin in pregnancies.

1. Introduction

Today, 5% of all pregnant women develop gestational diabetes
mellitus (GDM), and this prevalence is expected to increase
due to the increasing proportion of overweight and obesity
[1]. Diabetes in pregnancy can lead to adverse complications
for both the mother and the unborn child [2]. Subcutaneous
insulin injection is often used to control the blood glucose
levels in pregnant women su�ering from GDM. e insulin
requirement changes throughout pregnancy, and treatment

requires regular monitoring. Managing GDM with insulin
injections can be challenging, particularly for those who have
never used insulin injections before, leading to the risk of poor
compliance. Alternatively, it is much easier to prescribe an
antidiabetic oral drug. Metformin is �rst-line pharmacolog-
ical treatment of diabetes mellitus type 2 (DM2) [3] and
polycystic ovary syndrome (PCOS). It has few side e�ects,
mainly gastrointestinal symptoms such as diarrhea and
nausea [4], and is associated with a low risk of hypoglycemia
and lactate acidosis [5].
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Because metformin is a cationic base at physiological
pH and has a hydrophilic structure, the passive diffusion
through cell membranes is negligible. Instead, transporters
must mediate uptake of metformin, both distribution and
elimination. Metformin is substrate of different kinds of
solute carrier transporters (SLC): organic cation trans-
porters (OCT1, OCT2, and OCT3) and multidrug and
toxin extrusion transporters (MATE1 and MATE2) [6]. It
has been widely used in pregnancy for more than 40 years
[7]. However, the pharmacokinetics of metformin and
especially the biodistribution are not fully understood.
Metformin passes across the placenta, and studies using
umbilical cord blood samples from women treated with
metformin during third trimester showed that the fetus was
exposed to concentrations approaching those in the ma-
ternal circulation [8]. Two recent reviews concluded that
metformin had no short-term adverse effects on pregnancy,
potential benefits in the neonatal period, but limited long-
term follow-up information [7, 9].

In the human, metformin is excreted unchanged in
urine. In the fetus, the amniotic fluid is derived from fetal
urination, and the amniotic fluid is primarily eliminated
through fetal swallowing. +e fetal metabolism of met-
formin is unknown; however, it could be speculated that
metformin is excreted to the amniotic fluid, swallowed by
the fetus and then reabsorbed to the fetal circulation.
Hence, the fetus theoretically could have an increased
concentration or accumulation of metformin. +us, a re-
cent study showed that children aged 5–10 years exposed to
metformin in utero have higher body mass indices and
measures of central adiposity, and increased risk of obesity
[10]. Metformin treatment in pregnancy is a controversial
option, and this drug is therefore not used during preg-
nancy in many countries [7].

For metformin to cross placenta, there must be both
influx and efflux transporters in the trophoblast cells
(Figure 1) [11]. +e exact mechanism of transplacental
metformin transport is not known. In order to study
metformin during pregnancy, an appropriate animal model
is needed. Such animal model must be carefully considered
to investigate transplacental transports of substances.
Krogh’s principle should be applied for every pathological
or physiological condition, and the most appropriate an-
imal model must be chosen. An appropriate animal model
of pregnancy should account for the number of fetuses, the
length of gestation period, and the placental structure. +e
Chinchilla lanigera poses excellent characteristics in this
matter, carrying only one or two cubs and having a
hemomonochorial placenta barrier like the human pla-
centa (Figure 1) [12]. Furthermore, the chinchilla has a long
gestation period (115 days), and the offspring are pre-
cocious (matured neurodevelopment at birth, e.g., born
with open eyes) like the human newborn [13]. Finally, the
relatively large size of the chinchilla fetuses allows for the
use of diagnostic imaging methods [12]. +ese character-
istics suggest that the chinchilla is superior to other rodents
as animal model of human pregnancy.

+e aim of this study was to investigate the biodistribution
and pharmacokinetics of metformin in a human translational

animal model. We address this aim using a noninvasive
approach, employing 11C-labeled metformin ([11C]-
metformin) [14, 15] and positron emission tomography
(PET) [15] in the pregnant chinchilla. [11C]-metformin has
previously been used to study biodistribution in humans but
never during pregnancy.

2. Materials and Methods

2.1. Animal Handling. We included clinically healthy,
pregnant chinchillas purchased from a local commercial
breeder. +ey were single housed, fed with a chinchilla
pellet diet, and had ad libitum access to tap water. +e
environmental temperature was around 20°C with 12 hours
of light cycles. +e animals were fasted 6 hours prior to
anesthesia.

2.2. PET-CTExamination. +ree pregnant chinchillas in the
last part of their pregnancy (gestation days 82–93) with a
mean weight of 841 g (774–902 g) were used in this study.
Two of them were carrying only one fetus and one had two
fetuses. Anesthesia was induced with 5% isoflurane in a gas
chamber and maintained with a mask delivering 1.5%–3%
isoflurane. Respiration was monitored during the scan, and
anesthesia protocols were followed by a veterinarian. Prior
to the PET examination, intravenous access was gained
through the tail vein and used for radiotracer injection. +e
animals were placed in the field of view in a PET-CT system
(Siemens, Erlangen, Germany). 11C-metformin was pre-
pared as previously described [15], containing metformin
dissolved in aqueous (NH4)2HPO4 (100mM, pH 5). A bolus
of 11C-metformin was injected (∼1min) followed by 0.5–
1mL saline at time� 0. A volume of 3.5–5mL was injected
intravenously with a mean radioactive dosage of 40MBq
(17–86MBq; specific activity: 30–90GBq/micromole). +e
animals underwent 70min of dynamic PET/CT scan.

List-mode acquired PET data were reconstructed and
divided into frames with the frame structure: 12× 5 s,

Placental barrier
Maternal side Fetal side

Chinchilla

Hemomonochorial

Homo sapiens

Syncytiotrophoblast

Figure 1: Transport of metformin across the placenta barrier
depends on both influx transporters and efflux transporters. Influx
and efflux transporters on both sides are necessary for bidirectional
transport across the placenta. +e placenta barrier of humans and
chinchillas is called hemomonochorial because the maternal and
fetal blood are divided by only one layer of syncytiotrophoblasts.
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5×10 s, 2× 30 s, 4× 60 s, 4×120 s, and 11× 300 s. Volume of
interest (VOI) was defined using PMOD (PMOD Tech-
nologies LLC, Zürich, Switzerland) in order to evaluate the
tracer activity in specific areas.

2.3. Analysis of Metformin mRNA Transporters in Placenta

2.3.1. Chinchilla. Five placentae were dissected from chin-
chillas at gestation days 82–101.+e placentae were rinsed in
saline and divided into small parts, and the pieces were snap-
frozen in liquid nitrogen. Samples were stored at −80°C until
analysis.

2.3.2. Human. Seven placentae were collected immediately
after planned cesarean sections from uncomplicated preg-
nancies. A paracentral grape-sized piece of villous tissue was
excised, rinsed in saline, divided into smaller pea-sized
pieces, and snap-frozen in liquid nitrogen. Samples were
stored at −80°C until analysis.

2.3.3. qPCR Analysis. RNA was extracted using TRIzol
(Gibco BRL; Life Technologies, Roskilde, Denmark). RNA
was quantified using a NanoDrop 8000 spectrophotometer
(+ermo Scientific, Waltham, MA). Integrity of the RNA
was checked by visual inspection of the two ribosomal
RNAs on an agarose gel. cDNA was synthesized using a
Verso cDNA kit (Ab-1453;+ermo Scientific) with random
hexamer primers. +e PCR reactions were performed in
duplicate using LightCycler SYBR Green master mix
(Roche Applied Science, Indianapolis, IN) in a LightCycler
480 (Roche Applied Science) using the following protocol:
one step at 95°C for 3min, then 95°C for 10 s, 60°C for 20 s,
and 72°C for 10 s, and finally, a melting curve analysis was
performed. +e increase in fluorescence was measured in
real-time during the extension step. +e relative gene ex-
pression was estimated using the “Advanced Relative
Quantification” mode of the software version LCS 480
1.5.1.62 (Roche Applied Science), and specificity of the
amplification was checked by melting temperature analysis.
+e following primer pairs were designed using Quant-
Prime [16]:

Chinchilla primers:

Housekeeping: beta-2 microglobulin, TGGTGCATG
GCGCCTTTATC GACAGTGTGACGTGTGAAAC
GC product length 70 bp
CH_MATE1 AAGGAGCTGTTGGAGTCAACCC
TAACGATGCTGAAGCGCACAGG product length
74 bp
CH_OCT1 GCTGGGCATATAGCTCAGTGGTAG
GATTGAACCAAGGGCCTTCAGC product length
62 bp
CH_OCT2 ATTCCCAGCCGCCTTCATTGTC TGA
CACAGCCCAAGGATAACGG product length
70 bp
CH_OCT3 TTCAGGCCCAGACATCTGAAGG TC
TGCTTGGCTCCTGGTAAAGC product length 62 bp

Human primers:

Housekeeping: beta-2 microglobulin: GAGGCTATCC
AGCGTACTCC- AATGTCGGATGGATGAAACCC
product length 111 bp
H.MATE1 TCGGCTTATCTTCTGCCTGT CTGGG
TAAGCCTGGACACAT product length 197 bp
H.OCT1 TAATGGACCACATCGCTCAA AGCCCC
TGATAGAGCACAGA product length 190 bp
H.OCT2 ATGCCCACCACCGTGGACGAT AGGA
AGACGATGCCCACGTA product length 128 bp
H.OCT3 (SLC22A3) GGAGTTTCGCTCTGTTCAGG
GGAATGTGGACTGCCAAGTT product length
216 bp

All primers were purchased from the samemanufacturer
(DNA Technology, Risskov, Denmark). A similar setup was
used for negative controls, except that the reverse tran-
scriptase was omitted, and no PCR products were detected
under these conditions.

2.4. Ethical Aspects. +e study followed the guidelines for
use and care of laboratory animals and was approved by the
Danish Inspectorate of Animal Experiments. During anes-
thesia, the animals were euthanized by an overdose injection
of pentobarbital. For the human placentae, the mothers all
gave informed consent prior to the placenta harvesting.

3. Results

3.1. PET. Visual inspection of the PET scans revealed that
[11C]-metformin was primarily found in the kidneys, liver
and bladder, and a small amount in the submandibular
glands (Figure 2). Dynamic PET with [11C]-metformin
showed a high signal from the liver and kidney, but there
was no signal from the fetuses (Figures 3(b)–3(d)). Mea-
surements of standardized uptake value (SUV) (Figure 4)
showed that radioactive uptake in the liver increased just
after [11C]-metformin administration and steadily decreased
from t� 250 s. A relatively high and prolonged uptake was
observed in the kidneys. No [11C]-metformin was accu-
mulated in the fetus.

3.2. Analysis of mRNA for Metformin Transporters in Human
and Chinchilla Placentas. mRNA expression of metformin
transporters revealed that human placentae primarily
expressed OCT3, whereas chinchillas primarily expressed
OCT1 (Figure 5). +e expression of other transporters was
found very low.

4. Discussion

+e biodistribution of [11C]-metformin has previously been
studied in pigs, rats, and humans, but none of them during
pregnancy [15]. As the chemical production of [11C]-
metformin varied from time to time, and because the iso-
tope has a short half-life of around 20min, the animals
included in this study received different volumes (3.5–5mL)
and radioactive dosages (17–86 MBq) of [11C]-metformin.
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However, it was easy to follow the tracer in all PETscans with
a signal-to-noise ratio sufficient for subsequent data ana-
lyses. +e acquired PET images of the pregnant chinchillas
revealed a maternal biodistribution of metformin that was
comparable to that of nonpregnant humans [14]. +e kidney
curve (Figure 4) showed a high SUV variation compared to
the other curves. However, an interindividual variation is
also observed in humans due to both genetic variations and
glomerular filtration rate [17]. +e accumulation of met-
formin in the bladder indicated that metformin was excreted
through the kidneys similar to humans (Figure 2(a)). We
also found a very low SUV in the muscles which is com-
parable to humans. No uptake of metformin was observed in
the chinchilla fetuses. Metformin is normally ingested orally
but was administered intravenously in this study. However,
as metformin is not metabolized in the body and is excreted
uncharged, the mode of drug administration should not
influence the distribution.

In humans, metformin transfers from the maternal to
the fetal circulation, demonstrated by findings of metformin
in umbilical cord blood samples in women takingmetformin
prior to birth [8]. +e exact mechanism how metformin
crosses the placenta in humans is not fully elucidated [18].
Nevertheless, the difference in the placental transport and
pharmacokinetics of metformin between chinchilla and
human suggests some limitations in the use of pregnant
chinchillas as an animal model for human pregnancy. An
obvious reason why metformin is not found in the chinchilla
fetuses could be due to transporters in the trophoblasts. We
found that human placentae express OCT3 whereas chin-
chillas express OCT1 (Figure 5). +is difference in trans-
porters could be the reason for the missing uptake of
metformin in the chinchilla placenta and fetus. In humans,
OCT1 is mainly found in hepatocytes and sometimes re-
ferred to as the “liver-specific” OCT. Some placenta studies
have also found expression of OCT1 in the human placenta,

Submandibular
glands (SG)

Liver (Liv)

Kidneys (K)

Intenstine (Int)

Urinary
bladder

(a) (b) (c)

(d) (e)

Figure 2: Whole-body [11C]-metformin PETscans were performed after i.v. tracer injection. (a) Attenuation corrected maximum intensity
projection of [11C]-metformin biodistribution in a chinchilla 30min after injection demonstrates uptake in submandibular glands, liver,
kidneys, intestine, and urinary bladder (indicated by arrows). Transaxial slices of [11C]-metformin biodistribution on merged PET/CT
images (arrows indicate metformin avid organs) are displayed in (b) submandibular glands, (c) thorax, (d) liver, and (e) kidneys.

(a) (c) (d)

(b)

Figure 3: (a) Two fetuses identified in a pregnant chinchilla (the arrow indicates the fetuses) with 3D volume rendering of bone
reconstructed CT scan. A summarized [11C]-metformin PET/CT scan is visualized in transaxial (b), coronal (c), and sagittal plane (d)
(arrows indicate the two fetuses), demonstrating no metformin uptake in the fetuses.
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conflicting our findings [11]. OCT3 is the most abundantly
expressed SLC transporter in the placenta in many species,
including humans, rats, and mice [11], and it has been re-
ferred to as the “placenta specific” OCT. However, the tissue
distribution of OCT3 is much broader and thus not specific
for placenta [11]. Pregnancy is a dynamic process, and the
placenta undergoes adaptations and physiological changes
accordingly. In pregnant rats, the expressions of OCT3 and
MATE1 change during the different stages of pregnancy
[19]. Expression of MATE1 was found in human placenta
from first trimester [19]. In the term human placentae, we
found no expression of MATE1, confirming previous
findings [11].

Although PCR is a valuable technique, PCR is capable
only in showing whether mRNA is present, but it is in-
capable of revealing actual protein expressions. In addition,

PCR is unable to identify where the transporters reside
inside the trophoblasts. Functional studies in human pla-
centae have found that OCT3 is located in the fetal facing
membrane of the placenta [20]. Immunohistochemistry in
rat placentae was used to identify OCT3 at the fetal side, like
in human placentae, whereas MATE1 was located at the
maternal side of the rat placenta [21]. In a study where a
human ex vivo dual perfusion placenta model was used to
study metformin, it was found that the fetal-to-maternal
transfer of metformin was significantly higher than the
maternal-to-fetal transfer [18]. In theory, metformin could
be transported into the trophoblasts and quickly transported
out again by efflux transporters and never reach the fetal
compartment. A study in rats showed that MATE1 was
responsible for the efflux of metformin from the tropho-
blasts [22], and as both OCT3 and MATE1 are found in the
rat placentae, synchronized activity of these transporters is
suggested as the transplacental pathway [21]. Inmice, OCT3,
but not MATE1, is found in the placentae, similar with
human placentae from late pregnancy [11]. In terms of
placentae metformin transporters, mice appear as a more
comparable animal model for studying metformin transport
in late pregnancy.

5. Conclusion

In conclusion, we found that PET and [11C]-metformin
administration can be used to study the biodistribution of
metformin in a chinchilla animal model, and we found that
the biodistribution was comparable to findings previously
shown in nonpregnant humans. In chinchillas, however,
[11C]-metformin did not pass the placenta like in humans.
+erefore, we studied the possible differences in metformin
transporters between human and chinchilla placenta based
on mRNA expression of these transport proteins. We in-
terestingly found that the human placentae mainly expressed
OCT3, whereas chinchilla placentae had high expression of
OCT1. Based on these results, the in vivo pharmacokinetics
and biodistribution of metformin in chinchillas do not
advocate this animal model as an optimal choice for in-
vestigations of metformin in human pregnancy.

Data Availability

+e PET/CTand mRNA data used to support the findings of
this study are included within the article in Figures 2–5.
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Purpose.  e combined use of anatomical magnetic resonance imaging (MRI), cellular MRI, and bioluminescence imaging (BLI)
allows for sensitive and improved monitoring of brain metastasis in preclinical cancer models. By using these complementary
technologies, we can acquire measurements of viable single cell arrest in the brain after systemic administration, the clearance and/
or retention of these cells thereafter, the growth into overt tumours, and quanti�cation of tumour volume and relative cancer cell
viability over time. While BLI is very useful in measuring cell viability, some considerations have been reported using cells
engineered with luciferase such as increased tumour volume variation, changes in pattern of metastatic disease, and inhibition of
in vivo tumour growth. Procedures. Here, we apply cellular and anatomical MRI to evaluate in vivo growth di�erences between
iron oxide labeled naı̈ve (4T1BR5) and luciferase-expressing (4T1BR5-FLuc-GFP) murine brain-seeking breast cancer cells. Balb/
C mice received an intracardiac injection of 20,000 cells and were imaged with MRI on days 0 and 14. Mice that received 4T1BR5-
FLuc-GFP cells were also imaged with BLI on days 0 and 14. Results.  e number of signal voids in the brain (representing iron-
labeled cancer cells) on day 0 was signi�cantly higher in mice receiving 4T1BR5 cells compared to mice receiving 4T1BR5-FLuc-
GFP cells (p< 0.0001). Mice that received 4T1BR5 cells also had signi�cantly higher total brain tumour burden and number of
brain metastases than mice that received 4T1BR5-FLuc-GFP cells (p< 0.0001). Conclusions. By employing highly sensitive cellular
MRI tools, we demonstrate that engineered cells did not form tumours as well as their naı̈ve counterparts, which appear to
primarily be due to a reduction in cell arrest. ese results indicate that engineering cancer cells with reporter genes may alter their
tropism towards particular organs and highlight another important consideration for research groups that use reporter gene
imaging to track metastatic cancer cell fate in vivo.

1. Introduction

 e ability to accurately quantify tumour growth in pre-
clinical cancer models is critical for e�ective study of tumour
biology, metastatic spread, and treatment response. While
some subcutaneous and orthotopic tumour volumes can be
measured using either manual or electronic calipers, this
relies on a fairly developed-palpable tumour. For instance,
many murine cancer models have been developed to try to
improve the clinical relevance such that micro- or macro-
metastases form in the brain, bone, and lung and thus are not
measurable with calipers. To better monitor the longitudinal

growth of subpalpable or metastatic disease relies on one
employing noninvasive imaging techniques.

 ere are a number of cellular and molecular imaging
modalities that can be used to noninvasively measure tu-
mour size, location, metabolism, and metastatic burden in
preclinical cancer models such as ultrasound (US), com-
puted tomography (CT), magnetic resonance imaging
(MRI), single-photon emission computed tomography
(SPECT), positron emission tomography (PET), and optical
imaging modalities such as �uorescence imaging and bio-
luminescence imaging (BLI) [1–3]. Among these, BLI
continues to be one of the most employed technologies for
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evaluating tumour growth and viability over time due to its
high sensitivity, high throughput nature, and relative cost-
effectiveness. For BLI, tumour cell lines are engineered to
express a luciferase reporter gene, most commonly firefly
luciferase (FLuc), which produces light as a product of oxi-
dation of a matching luciferin substrate. .e relative amount
of light produced at a particular location can provide indirect
measures of total cancer cell viability over time [4]. .is is an
important consideration as larger tumours may have edema
and/or necrosis, contributing to imaging measures of tumour
volume, and as a result, overestimate the number of viable
cancer cells present [5]. Furthermore, in models evaluating
treatment response, the amount of viable tissue within the
tumour may change before any anatomical changes occur.
.us, BLI can provide valuable complementary information
to measures of tumour size with either calipers or anatomical
imaging modalities such as MRI.

We have previously demonstrated the combined use of
BLI, anatomical MRI, and cellular MRI tools for monitoring
experimental breast cancer brain metastasis in mice [6].
Cellular MRI requires cancer cells to be labeled with
superparamagnetic iron oxide (SPIO) nanoparticles in
culture prior to transplantation into mice [7]. .e iron
causes a distortion in the magnetic field, leading to a loss of
signal in an iron-sensitive MRI sequence. .e blooming
artifact produced by the SPIO is larger than the cell itself,
and as a result, we can visualize single cancer cells arresting
in the brain at the time of injection as well as nondividing
cancer cells that retain their iron label over time [8]. A small
portion of the cancer cells will divide and lose their iron label
but can be visualized with conventional MRI. By using
cellular MRI, anatomical MRI, and BLI simultaneously in
the same animals, we can acquire measurements of viable
single cell arrest and cell clearance as well as follow the
growth and/or changes in viability of tumours in the brain
over time [6].

While BLI is very useful in evaluating the fate of many
different cell populations in vivo, including cancer cells, in
recent years some considerations for the use of BLI have been
reported. Following the engineering of cells with luciferase,
several studies have noted changes in tumour volume vari-
ation across animals, altered cancer cell tropism toward
particular organs, as well as differences in tumour growth
rates [9–12]. .e ability to sensitively track the dissemination,
arrest, dormancy, or growth of single cells with cellular MRI
may provide new insights into potential effects of cell engi-
neering. .e objective of this work was to use cellular and
anatomical MRI to characterize the in vivo growth patterns of
näıve and lentiviral-engineered brain-seeking triple negative
breast cancer cells coexpressing fluorescent and bioluminescent
reporters in the mouse brain.

2. Materials and Methods

2.1. In Vitro Studies

2.1.1. Cell Engineering. Brain-seeking mouse mammary
carcinoma cells (4T1BR5) were a kind gift from Dr. Patricia
Steeg’s lab (NIH, Centre for Cancer Research) and engineered

to stably coexpress red-shifted Luciola italica luciferase (FLuc)
and GFP using a commercial lentiviral vector (RediFect Red-
FLuc-GFP lentiviral particles; PerkinElmer, USA). Cells were
transduced at amultiplicity of infection of 20 and sorted based
on GFP expression using a FACSAria III flow cytometric cell
sorter (BD Biosciences, San Jose, CA, USA). .e resultant
4T1BR5-FLuc-GFP cells were maintained in DMEM con-
taining 10% FBS at 37°C and 5%CO2. All in vitro experiments
were performed in triplicate.

2.1.2. Iron Labeling. For iron labeling, 2×106 cells were
plated in a 75 cm3 flask, supplemented with DMEM con-
taining 10% FBS, and allowed to adhere for 24 hours. Cells
were incubated for an additional 24 hours with 10mL media
containing 25 μg/mL of MPIO beads (0.9 µm in diameter,
63% magnetite, labeled with Flash Red; Bangs Laboratory,
Fishers, IN, USA). Cells were washed three times with Hanks
balanced salt solution (HBSS) and then trypsinized with
0.25% Trypsin-EDTA. .e cells were then collected and
thoroughly washed three more times with HBSS to remove
unincorporated MPIO before cell injection and in vitro
evaluation.

2.1.3. Propidium Iodide Cell Cycle Assay. Breast cancer cells
(naı̈ve and engineered 4T1BR5) were cultured as stated
above. Cells were centrifuged at 1000 rpm for 5 minutes. Cell
pellets were then fixed with 500 μl of 70% ethanol for 30
minutes in 4°C, washed twice with phosphate-buffered saline
(PBS), and centrifuged at 850 g. Cells were then treated with
50 μL of RNase (100 μg/mL)..emixture was kept in a water
bath at 37°C for 30 minutes prior to staining with 200 μL of
propidium iodide solution (50 μg/mL) and then analyzed by
flow cytometry using a FACSAria III flow cytometric cell
sorter (BD Biosciences, San Jose, CA, USA).

2.1.4. Proliferation Assay. Vybrant MTT (3-(4,5-dime-
thylthiazolyl-2)-2,5-diphenyltetrazolium bromide) prolifer-
ation assays were used to evaluate whether genetic
engineering had an effect on in vitro proliferation. 4T1BR5
and 4T1BR5-FLuc-GFP cells were seeded in 96-well plates
(2.0 × 103 cells per well) with 0.25mL of media, and cell
proliferation was evaluated at 0, 24, 48, and 96 hours. MTT
solution (20 µL) was added to each well, and absorbance at
450 nmwasmeasured using amicroplate spectrophotometer
(Fluoroskan Ascent FL, .ermoLabSystems).

2.1.5. Clonogenic Assay. Näıve and engineered 4T1BR5 cells
were seeded in 6-well plates (1.0×103 cells per well) with
2mL of media. .e number of colonies in each well was
manually counted using a hemocytometer at 72 hours after
plating.

2.2. In Vivo Studies

2.2.1. Experimental Breast Cancer Brain Metastasis Model.
Animals were cared for in accordance with the standards of
the Canadian Council on Animal Care and under an
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approved protocol of the University of Western Ontario’s
Council on Animal Care (protocol number: 2014-026). To
deliver MPIO-labeled 4T1BR5 or 4T1BR5-FLuc-GFP cells
into the brain, 2.0×104 cells were injected into the left
ventricle of female BALB/c mice (n � 16; 6–7 weeks old;
Charles River Laboratories, Wilmington, MA, USA). Cells
were suspended in 0.1mL of HBSS, and image-guided in-
jections into the left ventricle were performed using a Vevo
2100 ultrasound system (FUJIFILM VisualSonics Inc.,
Toronto, ON, Canada). MRI was performed on all sixteen
mice on days 0 and 14 after intracardiac injection. In ad-
dition, mice that received 4T1BR5-FLuc-GFP cells had BLI
performed on days 0 and 14 after intracardiac injection.

2.2.2. MRI. All MRI scans were performed on a 3T GE
clinical MR scanner (General Electric) using a custom-built
gradient coil and a custom-built solenoidal mouse brain
radiofrequency coil [7, 13]. Mice were anesthetized with
isoflurane (2% in 100% oxygen), and images were obtained
using a 3D balanced steady-state free precession (bSSFP)
imaging sequence (Fast Imaging Employing Steady-State
Acquisition (FIESTA) on the GE system) which has been
previously optimized for iron detection [14]. .e scan pa-
rameters for day 0 images were repetition time (TR)� 8ms,
echo time (TE)� 4ms, bandwidth (BW)� 41.7 kHz, flip angle
(FA)� 35 degrees, averages (NEX)� 2, phase cycles� 4, and
matrix� 150×150. Total scan time was 15 minutes per
mouse. For day 14 images, a longer scan time was required for
tumour detection, and so imaging parameters were
TR� 10ms, TE� 5ms, BW� 12.5 kHz, FA� 35 degrees,
NEX� 2, phase cycles� 8, and matrix� 150×150. Total scan
time was 35 minutes per mouse.

2.2.3. BLI. BLI was performed using a hybrid optical/X-ray
scanner (IVIS Lumina XRMS In Vivo Imaging System,
PerkinElmer). Mice were anesthetized with isofluorane (2%
in 100% oxygen) and received a 150 μL intraperitoneal in-
jection of D-luciferin (30mg/mL; Syd Labs, Inc., MA, USA),
and BLI images were captured for up to 35 minutes after
injection.

2.2.4. Image Analysis. MRI images were analyzed using
OsiriX software (Pixmeo, SARL, Bernex, Switzerland). Day 0
images were analyzed by manually counting signal voids
(representing iron-labeled cells) in every slice throughout
the whole brain. For day 14 images, brain metastases were
manually traced and 3D tumour volumes were recon-
structed using the OsiriX volume algorithm. In vitro BLI
signal was measured with region-of-interest (ROI) analysis
using Living Image Software (PerkinElmer). An ROI was
drawn around each well, and average radiance (photons/
second/cm2/steradian) was measured.

2.2.5. Histology. At endpoint, mice were sacrificed by
pentobarbital overdose and perfusion fixed with 4% para-
formaldehyde. Mouse brains were removed and cry-
opreserved in ascending concentrations of sucrose (10, 20,

and 30% w/v) in distilled water for at least 1 hour each.
Brains were immersed in the optimal cutting temperature
(OCT) compound, oriented in a sectioning plane parallel to
that of MRI, and frozen using liquid nitrogen. Frozen
sections (10 μm) were collected and stained using hema-
toxylin and eosin (H&E) to visualize tumour morphology.

2.2.6. Statistics. A power analysis was performed using
G∗Power software to determine the appropriate sample size
for this study. All statistics were calculated using GraphPad
Prism 4. A Student’s two-tailed unpaired t-test was used to
compare conditions in in vitro experiments as well as be-
tween animal groups. A nominal p value less than 0.05 was
considered statistically significant.

3. Results

After lentiviral transduction, 4.3% of the total population was
found to be GFP positive, and these cells were sorted, ex-
panded, and then sorted a second time (Figure 1(a)). During
the second sort, we found 86.6% of the cells to be GFP
positive. From this population, we isolated the brightest GFP
cells (8.2%) by FACS and expanded them in culture to obtain
a population of 4T1BR5-FLuc-GFP cells that were near 100%
GFP positive (Figure 1(b)). In vitro GFP expression was
assessed using fluorescence microscopy (Figure 1(c)) and
FLuc with BLI (Supplementary Figure 1(a)). To determine the
stability of our reporter genes, we performed in vitro BLI of
4T1BR5-FLuc-GFP cells and found no significant differences
in luciferase activity over multiple passages in culture
(Figure 1(d)). Similarly, using FACS, we found no significant
differences in mean GFP signal intensity over 10 cell passages
(Supplementary Figure 1(c)). Next, we determined whether
cell cycle differences existed between näıve and engineered
cells by performing a propidium iodide cell cycle arrest assay.
As displayed in Figure 1(f), we observed a decrease in the
number of cells in the S phase and an increase in the number
of cells in G0/G1 for engineered 4T1BR5 cells compared to
näıve cells (Figure 1(e)). We evaluated differences in cellular
proliferation between näıve 4T1BR5 and 4T1BR5-FLuc-GFP
cells over a four-day period using an MTT assay and found
there were no significant differences in cell growth at any of
the time points (Figure 1(g)). We also performed a clonogenic
assay to evaluate differences in the ability of each cell pop-
ulation to form colonies and found there was no significant
difference in the number of colonies formed between näıve
and engineered 4T1BR5 cells (Supplementary Figure 1(b)).

MRI and BLI data from the day of intracardiac injection
(day 0) are shown in Figure 2. Perl’s Prussian blue stain was
performed to show both 4T1BR5 and 4T1BR5-FLuc-GFP
cells were efficiently (>90%) labeled with MPIO prior to
intracardiac injection (Figure 2(a)). Iron-labeled cells were
visualized in MR images as discrete signal voids distributed
throughout the mouse brain (Figure 2(b)). BLI signal was
detected in the brain and body of mice that received
4T1BR5-FLuc-GFP cells on day 0 (Figure 2(c)). Importantly,
the number of discrete signal voids in the brain on day 0 was
significantly higher in mice that received 4T1BR5 cells
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(379± 42 voids) than 4T1BR5-FLuc-GFP cells (98± 10 voids;
p< 0.0001), despite mice receiving equivalent numbers of
cells intracardially (Figure 2(d)).

On day 14, brain metastases appeared as hyperintense
regions in MR images. Figure 3(a) shows an MR slice from a
representative mouse brain from each group with white

arrowheads pointing to metastases. All mice in this study,
regardless of the cell line injected (naı̈ve or engineered), had
MR detectable metastases at endpoint. Figure 3(b) shows a
whole body BLI image from a mouse with 4T1BR5-FLuc-
GFP tumours. All mice that received 4T1BR5-FLuc-GFP
cells had BLI detectable metastases in both the brain and
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other parts of the body. In day 14 MR images, tumours were
manually counted throughout the entire mouse brain. In
addition, tumour boundaries were manually traced, and 3D
tumour volumes were determined using the OsiriX volume
algorithm.MR image analysis revealed that mice that received
4T1BR5 cells had a significantly higher number of brain
metastases (34± 4 tumours) than mice that received 4T1BR5-
FLuc-GFP cells (7± 2 tumours; p< 0.0001) (Figure 3(c)). We
also found that mice that received 4T1BR5 cells had signif-
icantly more total brain tumour volume (8.27± 1.15mm3)
than mice who received the 4T1BR5-FLuc-GFP cells
(1.03± 0.28mm3; p< 0.0001) (Figure 3(d)).We also evaluated
whether the relative number of tumours that formed between
the groups was related to the initial number of cells seeding

the brain. To do so, we evaluated the ratio of the tumour
number at endpoint to the initial number of voids on day 0
and found there were no significant differences between the
two mouse cohorts (Figure 3(e)). Finally, the presence of
tumours was also confirmed using hematoxylin and eosin
(H&E) staining. Qualitatively, mice that received 4T1BR5 cells
had more metastases in the brain compared to mice with
4T1B3R5-FLuc-GFP tumours (Figure 4).

4. Discussion

In this study, we used anatomical and cellular MRI to
characterize in vivo arrest of single cancer cells and growth
differences in an established preclinical model of brain
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Figure 3: Differences in endpoint metastatic burden between naı̈ve and engineered 4T1BR5 cells: representative MR slices from each group,
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metastasis between näıve triple negative breast cancer cells
and cells engineered to stably express fluorescence and
bioluminescence reporter genes. Here, we report mice that
received naı̈ve 4T1BR5 cells had significantly more brain
metastases and significantly higher total brain tumour
burden than mice that received engineered 4T1BR5-FLuc-
GFP cells. Furthermore, through the use of iron-based
cellular MRI, we were able to determine that mice that
received the naı̈ve cell line also had significantly more
discrete signal voids (representing iron-labeled cells) in the
brain on the day of intracardiac injection compared to mice
that received our engineered cell line. .is highlights that
differences in metastatic tumour burden between engineered
and näıve cells may not only be due to differences in in vivo
growth rates of engineered cells as suggested by others
[9–12] but may also arise very early in the metastatic process
by altering organ seeding efficiency.

An important step in the metastatic cascade is the initial
arrest of circulating tumour cells. Our results point to de-
creased arrest of engineered cancer cells being the probable
explanation for differences in endpoint tumour number and
burden. In the current study, we found the engineering of the
4T1BR5 cell line caused an increase in the number of cells in
G0/G1 in vitro. Altered cell arrest could be the result of several
possibilities including selection of a subset of cells with re-
duced arrest ability, the use of lentiviral vectors that integrate
into the genome causing altered expression of genes im-
portant for homing and arrest, or an early immune response
to a specific transgene (e.g., GFP or luciferase). Baklaushev
et al. suggested an early immune response to luciferase may
limit the spread of metastatic cells when theymigrate as single
cells in the vasculature. Since immune competent mouse
models and reporter gene imaging are likewise invaluable
tools for studying cancer progression, scientists should start to
consider novel ways around these adverse effects (e.g., the use
or development of less immunogenic reporters). If growth
differences are primarily attributable to cell arrest and this is
being caused by luciferase or GFP expression, one potential

way to mitigate this would be the use of inducible promoters
whereby the reporters are not turned on until after the cells
have arrested normally.

Alternatively, our initial transduction efficiency was
quite low in this study, and potential clonal dominance
needs to be considered. Previous work has shown that the
bulk of a solid cancer mass is derived from a single cell rather
than a variety of cells that proliferate at a similar rate to
produce a heterogeneous tumour [15]. By selecting a rela-
tively small subset of cells during the engineering process, it
is possible that the resultant cell line was less brain trophic or
less aggressive/metastatic than the initial cell line leading to
significantly less brain tumour burden in these animals.
Furthermore, our naı̈ve 4T1BR5 cell line was truly “naı̈ve,”
and thus, we were unable to mock sort and expand them
based on reporter gene expression as we did with our
engineered cell line. .ose using engineered cell lines for
reporter gene imaging should provide a thorough expla-
nation of how the cells were engineered to express those
reporters. .e vector used the selection process, and the
purity of the cells will all provide information on how well
the resultant cell line represents the initial population.

Previous studies have shown the types of genetic ma-
nipulations or variations in culture conditions that are nec-
essary for reporter gene imaging have the potential to alter the
cell’s behavior both in vitro and in vivo [12]. Numerous groups
have also shown engineered cells can have a similar growth
rate to näıve cells in vitro but report a significantly slower
growth rate in vivo compared to näıve cells [9, 12, 16], and that
these differences can be related to the expression of a specific
reporter. In a study by Tiffen et al., B16-F10 tumours
expressing GFP-P2A-luc (luciferase) grew significantly slower
than tumours formed expressingGFP only. Similarly, previous
work has shown a link between the amount of reporter ex-
pression in the engineered cells and the magnitude of effect on
growth. Brutkiewicz et al. found that a high level of luciferase
expression can severely inhibit in vivo tumour growth while a
low level of expression showed similar tumour growth to näıve
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Figure 4: Histological differences in tumour burden between näıve and engineered 4T1BR5 cells: the presence of tumours was confirmed
using hematoxylin and eosin (H&E) staining. Tumours are indicated with blue arrowheads.
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cells [10]. However, vying for a lower level of reporter ex-
pression would limit the detectability of the cancer cells
in vivo, which would be of great value in studies evaluating
small numbers of cells arresting in downstream organs or
those evaluating micrometastasis development. In contrast,
other groups have found no significant differences in in vivo
tumour growth following luciferase engineering [11, 12].
Previous work has also shown engineering cells to express
luciferase can lead to increased survival of animals compared
to animals receiving an injection of näıve cells, suggesting
luciferase expression may render cells less aggressive/
metastatic [9]. Many of these studies have attributed differ-
ences to the expression of luciferase itself and disregarded
other variables in the engineering process that may affect in
vivo growth such as howmany cells from the initial population
were engineered to avoid selecting a subpopulation with al-
tered tropism or potential effects on where the reporter genes
are integrated which may affect gene expression or other
confounding variables.

5. Conclusions

In summary, this study describes the application of cellular
and molecular imaging tools to characterize in vivo growth
differences between näıve and engineered cell lines in a well-
established mouse model of experimental breast cancer
brain metastasis. By employing cellular MRI, we have
demonstrated for the first time that cell engineering can have
a significant effect on cell arrest in the brain. .is indicates
engineering cancer cells with reporter genes may alter their
tropism towards particular organs, and care should be taken
when engineering cells for reporter gene imaging of can-
cerous, and possibly noncancerous, cell populations.
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Introduction. 177Lu-OPS201 is a high-a�nity somatostatin receptor subtype 2 antagonist for PRRT in patients with neuroen-
docrine tumors. e aim is to �nd the optimal scaling for dosimetry and to compare the biokinetics of 177Lu-OPS201 in animals
and humans.Methods. Data on biokinetics of 177Lu-OPS201 were analyzed in athymic nude Foxn1nu mice (28 F, weight: 26 ± 1 g),
Danish Landrace pigs (3 F-1 M, weight: 28 ± 2 kg), and patients (3 F-1 M, weight: 61 ± 17 kg) with administered activities of
0.19–0.27MBq (mice), 97–113MBq (pigs), and 850–1086MBq (patients). After euthanizing mice (up to 168 h), the organ-speci�c
activity contents (including blood) were measured. Multiple planar and SPECT/CT scans were performed until 250 h (pigs) and
72 h (patients) to quantify the uptake in the kidneys and liver. Blood samples were taken up to 23 h (patients) and 300 h (pigs). In
pigs and patients, kidney protection was applied. Time-dependent uptake data sets were created for each species and organ/tissue.
Biexponential �ts were applied to compare the biokinetics in the kidneys, liver, and blood of each species. e time-integrated
activity coe�cients (TIACs) were calculated by using NUKFIT. To determine the optimal scaling, several methods (relative mass
scaling, time scaling, combined mass and time scaling, and allometric scaling) were compared. Results. A fast blood clearance of
the compound was observed in the �rst phase (<56 h) for all species. In comparison with patients, pigs showed higher liver
retention. Based on the direct comparison of the TIACs, an underestimation in mice (liver and kidneys) and an overestimation in
pigs’ kidneys compared to the patient data (kidney TIAC: mice � 1.4 h, pigs � 7.7 h, and patients � 5.8 h; liver TIAC: mice � 0.7 h,
pigs � 4.1 h, and patients � 5.3 h) were observed. Most similar TIACs were obtained by applying time scaling (mice) and combined
scaling (pigs) (kidney TIAC: mice � 3.9 h, pigs � 4.8 h, and patients � 5.8 h; liver TIAC: mice � 0.9 h, pigs � 4.7 h, and patients �
5.3 h). Conclusion. If the organ mass ratios between the species are high, the combined mass and time scaling method is optimal to
minimize the interspecies di¤erences. e analysis of the �t functions and the TIACs shows that pigs are better mimicking
human biokinetics.

1. Introduction

Recently, the radiolabeled somatostatin receptor subtype 2
(SST2) agonists DOTA-[Tyr3]octreotate (DOTATATE),
DOTA-[Tyr3]octreotide (DOTATOC), and DOTA-[NaI3]
octreotide (DOTANOC), as well as the antagonists OPS201
(DOTA-JR11) and OPS202 (NODAGA-JR11), have been

used for imaging and treatment of neuroendocrine tumors
(NETs) which are overexpressing the somatostatin receptor
SST2 [1–5].

Previous preclinical and clinical studies have indicated
that radiolabeled SST2 antagonists are superior to the
corresponding agonists especially for tumor targeting de-
spite little to no internalization in tumor cells [1, 3, 5–7].
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A possible explanation for this observation is that the an-
tagonistic peptides are independent of the somatostatin
receptor activation state (G-protein phosphorylation);
therefore, they utilize more binding sites on the tumor cell
surface, have a lower dissociation rate, and also have longer
tumor retention than agonistic peptides [8]. It was also
shown that the uptake in the tumor is higher for SST2
antagonists compared to SST2 agonists [1, 3–5, 8]. ,e
absorbed dose to the kidneys, the main organ at risk after
treatment of NETs with DOTA labeled compounds [9], was
around 50% higher for the antagonist as compared to the
agonist 177Lu-octreotate [5].

Rodents are the most frequently used species in pre-
clinical studies. However, larger animals such as pigs or dogs
are expected to mimic humans’ physiology better than ro-
dents [2]. In addition, these larger animals can be scanned
several times with a human SPECT/CT under the same
conditions as patients. ,erefore, these studies have the
advantage of long follow-up times and showed that multiple
blood samples can be taken for dosimetry and metabolism
assessment similar to patient studies.

Until today, there is one clinical human study (by Wild
et al. [5]), two preclinical mouse model studies (by Dalm
et al. [7] and by Nicolas et al. [3]), and one preclinical pig
study (by Beykan et al. [2]) with 177Lu-DOTA-JR11
(OPS201) focusing on biodistribution and dosimetry
[2, 3, 5, 7]. In all of these studies, the main focus was on
biodistribution and dosimetry. In the clinical study [5], the
dosimetry of four patients with advanced NETwas analyzed
and compared to 177Lu-DOTATATE. In the preclinical
study by Dalm et al. [7], tumor-xenografted mice were used
to determine the optimal dosage for therapy, and the
therapeutic effect of 177Lu-OPS201 (177Lu-DOTA-JR11) was
compared to the effect of 177Lu-DOTA-octreotate. ,e
follow-up period of the experiments was short (4 time points
up to 7 d after injection) for a quantification of the bio-
distribution and dosimetry. In another preclinical study on
mice by Nicolas et al. [3], OPS201 labeled with 177Lu, 90Y,
and 111In was compared with the 177Lu-DOTATATE.
Neither time-integrated activity coefficient (TIAC) values
nor absorbed dose values were published; only the relative
administered activity values per gram were reported. ,e
focus of the preclinical pig study by Beykan et al. [2] was on
in vivo biodistribution and dosimetry in pigs. Five pigs (four
with coadministered amino acids and one without kidney
protection) were analyzed; TIAC, absorbed dose, and ef-
fective dose coefficients values were reported.

For dose calculations, none of the preclinical studies
accommodated methods for considering the differences in
physiology between animals and humans. For this purpose,
extrapolation methods are used that are based on mathe-
matical equations in order to predict TIACs and conse-
quently absorbed doses in humans by using data collected
from animals. Mostly, these techniques are needed for
predicting the absorbed doses for a first application of a
radiopharmaceutical in humans [10]. As of today, there is no
systematic study that analyzes the difference in biokinetics of
radiopharmaceuticals dedicated to therapy between animal
models and patients. In total, there are five published

interspecies extrapolation methods related to the use of
radionuclides [10, 11] in preclinical studies. However, there
are no studies related to either comparing extrapolation
methods or optimizing a scaling method.

,erefore, the aim of this work is to compare the in vivo
biokinetics of 177Lu-OPS201 in two animal models (mice
and pigs) and in patients for the liver, kidneys, and blood. In
addition, all published extrapolation methods related to the
use of radionuclides (“scaling methods”) were examined to
find the optimal method for analyzing biokinetics and
dosimetry.

2. Methods

OPS201 was synthesized and 177Lu-OPS201 was prepared for
mice as described in the study by Nicolas et al. (for mice [3]),
by Beykan et al. (for pigs [2]), and byWild et al. (for humans
[5]).

For analyzing the biokinetics of 177Lu-labeled peptides in
preclinical and clinical studies, the data of 177Lu-OPS201
athymic nude Foxn1nu mice (28 females, weight: 26 ± 1 g,
age: 8–9 weeks) [3], Danish Landrace pigs (3 females-1 male,
weight: 28 ± 2 kg, age: 3 months) [2], and patients (3 females-
1 male, weight: 61 ± 17 kg, age: 44–77 years) [5] with ad-
ministered activities of 0.19–0.27MBq (mice, 0.017 µg of
peptide), 97–113MBq (pigs, 9 µg of peptide), and 850–
1086MBq (patients, 55–106 µg of peptide) were included.
For pigs and patients, kidney protection was applied.

After administration of 177Lu-OPS201, blood samples
were taken up to 72 h for mice, up to 300 h for pigs, and up to
23 h for patients in order to measure the blood radioactivity
contents by using the same well-type gamma counter
(Packard Instruments). ,e human blood data were, orig-
inally, provided as relative values, normalized to the first
blood sample immediately taken after injection. In order to
convert the raw count values to blood uptake values per mL
human blood in each time point, human blood data were
quantified (in Bq/mL) retrospectively by using the same
calibration factor as for the mouse study. As the data showed
high variability, the median values of all mice and patients
were used for further processing.

2.1. Image Acquisition and Reconstruction for Liver and
Kidneys

2.1.1. For Pigs. After injection, multiple whole body (WB)
planar images and SPECT/CT scans were acquired at 0.5, 2,
3, 4, 50, 100, 150, and 250 h to quantify the uptake in the
kidneys and liver. SPECT/CT data and WB planar images
were acquired using Symbia T16 (Siemens AG). ,e ac-
quisition duration was 50min for all scans: 10min for WB
and 40min for SPECT (2 bed positions of 20min each). In
addition, a 5min CT was performed for attenuation cor-
rection. For reconstruction, CT-based attenuation correc-
tion and triple energy window-based scatter corrections
were applied. ,e images were reconstructed with the
FLASH 3D iterative reconstruction algorithm with 6 iter-
ations and 6 subsets. ,e resulting images were smoothed
with a 6mm Gauss filter.
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2.1.2. For Patients. SPECT/CT data and WB planar images
were generated with the Philips BrightView XCT equipped
with a medium-energy, parallel-hole collimators SPECT/CT
scanner.WB scans and low-dose SPECT/CTwere performed
at 1, 3, 24, and 72 h after 975MBq mean administered ac-
tivity of 177Lu-OPS201. ,e acquisition duration was 43min
for all scans: 17min for WB and 26min for SPECT (2 bed
positions of 13min each). In addition, a CT was performed
for attenuation correction. For reconstruction, CT-based
attenuation correction and triple energy window-based
scatter corrections were applied. ,e images were recon-
structed with the Astonish (Philips) iterative reconstruction
algorithm with 4 iterations and 16 subsets.

2.2. Dosimetry Analysis

2.2.1. Quantification of Activity and Integration of the Time-
Activity Curves. To quantify the amount of activity, the av-
erage percentage values corresponding to the injected radio-
activity (A%) per organ as a function of timewere calculated for
the liver, right kidney, left kidney, and blood for each species via
a manual VOI analysis (for pigs and patients) and via gamma
counter (for mice). For pigs, all VOIs were drawn based on the
CT scan. In order to avoid spill-out effects, CT-based organ
VOIs were enlarged as matching 2 voxels plus their actual CT-
based volumes. For mice, scarified organs were counted by
using the well-type gamma counter, total numbers of count
values for the selected organs (kidneys and liver) were reported,
and A% values were calculated. ,e time-activity curves of
blood for each species were analyzed separately from the
collected samples. Since the scan times of pigs were not exactly
identical to those of all animals, the population-based A%
values of pigs were used to create the time-activity curves for
both selected organs and blood. For the mice and humans,
since all scanning time points were identical in each study and
the standard deviations in each time point are less than 5% (as
is shown in the supplementary file), meanA%values for organs
and median A% values for blood were used.

To analyze the interspecies differences in biokinetics of
177Lu-OPS201, the time-dependent uptake data sets for the
kidneys, liver, and blood were used, and individual fits
(TACs) for each species including optimal fit function pa-
rameters by using the software solution NUKFIT [12] were
created. ,e resulting fits were investigated to compare the
biokinetics of the different species.

,e organ TIACs were calculated by integration of the
mean (for mice and humans) and population-based (for
pigs) time-dependent uptake data sets using NUKFIT [12],
choosing the optimal fit functions as proposed by the code.
,e TIACs are estimated by analytically integrating the fitted
functions. ,eir standard error values are determined as-
suming Gaussian error propagation (can be seen in Sup-
plementary Table 1). For this investigation, a systematic
error in activity quantification of 10% was assumed for each
measured data point.

2.3. Extrapolation Methods. ,ere are several extrapolation
approaches that are used to estimate TIAC values, absorbed

doses, and in vivo biokinetics and biodistribution in humans
based on animal data. Assuming the same biodistribution in
animals and humans is one of the most commonly used
methods, which means applying no extrapolation. In ad-
dition to this, relative mass scaling, time scaling, allometric
scaling, and the combined relative mass and time scaling are
the other techniques described in the literature; however,
there is no common well-accepted method.

In this study, five interspecies extrapolation methods
were applied on blood TIAC values (only for pigs) and
kidneys and liver TIAC values (for mice and pigs) and
examined to determine the optimal method for dosimetry
[10, 13]. None of the extrapolation method could be applied
on blood TIAC values of mice since the data for the total
animal blood volume were not available.

Method 1 (equation (1)) (“same biodistribution ap-
proach”) is based on the assumption that the TIACs for the
same organ in an animal and human are the same [10].
Method 2 (equation (2)) is relative mass scaling in which the
TIAC value of a human organ is set equal to the TIAC value
of the same animal organ multiplied by the ratio of WB and
the selected organ mass of the human and animal. Method 3
(equation (3)) is time scaling in which time is scaled by a
power function of the ratio of WB masses of the human and
animal for calculating the TIACs. In Method 3, the exponent
is set to 0.25 [10]. Method 4 is a combined method: first time
scaling is applied (equation (3)) and then the TIAC values of
the animal are scaled based on relative mass scaling
(equation (2)) [10]. Method 5 (equation (4)) applies allo-
metric scaling in which TIACs of an animal are scaled by a
power function of the ratio of WB masses of the human and
animal. In this method, the exponent depends on the se-
lected organ and is set equal to 0.92 for the liver and 0.82 for
the kidneys [13]:

TIAC organhuman � TIAC organanimal, (1)

TIAC organhuman � TIAC organanimal

×
morgan/mWB human

morgan/mWB animal

,
(2)

torganhuman
� torgananimal

×
mWB( human
mWB( animal

 

1/4

,
(3)

TIAC organhuman � TIAC organanimal

×
mWB( human
mWB( animal

 

[b−1]

,
(4)

where m � mass, WB � whole body, t � time, b � scaling
component, b (for liver) � 0.92, and b (for kidneys) � 0.85.

3. Results

3.1. Biodistribution and Dosimetry Calculations.
Calculated lambda values used to create the TACs by using
the optimal fit function parameters from NUKFIT for each
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species and organ are shown in Supplementary Table 1. ,e
respective species-dependent time-activity curves based on
VOI and well-type gamma counter analysis for the kidneys,
liver, and blood are displayed in Figures 1–3. Dots represent
time-dependent percentage uptake data sets for the selected
organs and blood, while lines represent individual fits
(TACs) including fit function parameters from NUKFIT for
the selected organs and blood in each species. Kidneys, liver,
or blood fit curves including fit functions were named using
the first letter of the kidneys, liver, or blood such as for mice
(KM, LM, or BM), pigs (KP, LP, or BP), or humans (KH, LH,
or BH), respectively. Since a logarithmic scale was used in all
figures for better visualization, the error bars cannot be
distinguished in total. However, all standard deviation
values were less than 10% (shown in Supplementary
Tables 2(a) and 2(b)). A fast blood clearance of the com-
pound is observed in the first phase (largest half-life: 1.83 h;
Supplementary Table 1) for each species. 10min after in-
jection, less than 5% of the injected activity per milliliter of
blood circulates in pigs and humans (Figure 3). Overall, the
blood clearance of OPS201 in pigs and humans was faster
compared to mice.

,e best approximation for the last phase of the liver
curves for pigs and humans was a monoexponential func-
tion. However, the liver decay function in mice has biex-
ponential characteristics. ,e slope of the last phase was
lower than the corresponding function of pigs and humans.
In comparison to patients, pigs show higher liver retention
(Figure 2). As for kidneys, the shapes of curves for each
species were similar (Figure 1).

,e resulting TIACs based on extrapolation methods
are summarized in Tables 1 and 2. Applying Method 1
(same biodistribution approach) to the mice data for both
kidneys and liver resulted in underestimation by a factor
of 4 for the kidneys and a factor of 7 for the liver compared
to the patient data (kidney TIAC: mice � 1.4 h and patients
� 5.9 h; liver TIAC: mice � 0.7 h and patients � 5.3 h). On
the contrary, since pigs mimic humans better as compared
to mice, Method 1 in pigs results in a slight overestimation
for the kidneys and a slight underestimation for the liver
by a factor of 1.3 (kidney TIAC: pigs � 7.7 h and patients �

5.9 h; liver TIAC: pigs � 4.1 h and patients � 5.3 h).
Most similar TIACs were obtained by applying time

scaling (Method 3) and combined relative mass and time
scaling (Method 4) methods (kidney TIAC: mice � 3.9 h,
pigs � 4.8 h, and patients � 5.9 h; liver TIAC: mice � 0.9 h,
pigs � 4.7 h, and patients � 5.3 h; Table 2). Other methods
showed higher deviations.

,e kidney TIAC values of mice (except the results after
applying Method 3) are underestimated approximately
fourfold in Method 1 and Method 4, and they are over-
estimated twelvefold byMethod 2 (relative mass scaling) and
Method 5 (allometric method). In contrast to the mouse
data, the kidney TIAC values of pigs did not show high levels
of variations; the data are overestimated 1.2–1.6 times in
Method 1, Method 3, and Method 5.

For mice liver TIAC values despite of the scaling, even
when applying Method 3, underestimations approximately
by a factor of 6 (in Method 3) up to 17 (in other methods)

were observed. For pigs liver TIAC values, only in Method 2
and Method 4, underestimations approximately by a factor
of 5 were calculated; other applied methods show similar
results.
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Figure 1: Time-activity curves of the kidneys based on VOI and well-
type gamma counter analysis for each species. Dots: time-dependent
percentage uptake data sets for the kidneys. Line: fit curves for the
kidneys including fit function parameters fromNUKFITformice (KM),
pigs (KP), and humans (KH), respectively. All standard deviation values
were less than 10% (can be seen in Supplementary Tables 2(a) and 2(b)).
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Figure 2: Time-activity curves of the liver based on VOI and well-type
gamma counter analysis for each species. Dots: time-dependent per-
centage uptake data sets for the liver. Line: fit curves for the liver in-
cluding fit function parameters fromNUKFITformice (LM), pigs (LP),
and humans (LH), respectively. All standard deviation values were less
than 10% (can be seen in Supplementary Tables 2(a) and 2(b)).
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4. Discussion

In this study, the in vivo biokinetics of 177Lu-OPS201 for
three species (mice, pigs, and humans) in the liver, kid-
neys, and blood were compared by using well-type gamma
counter measurements and multiple WB planar and

SPECT/CT images. In addition to this, all applicable
scaling methods in the literature were summarized in
order to identify an appropriate extrapolation method
that minimizes the interspecies differences for comparing
biokinetics, in vivo biodistribution, and dosimetry.

Observed interspecies differences in the fitted curves used
to investigate the biokinetics show the necessity of scaling.
Five interspecies extrapolation methods were tested on the
kidneys and liver of both species (mice and pigs) and also on
blood data of pigs. Our results show that all applied scaling
methods, except time scaling (Method 3), result in a weight-
dependent decrease of TIAC values and, consequently, the
absorbed doses. Instead of Method 1, when the organ mass
ratios between the species are high (e.g., for mice compared to
humans), the scalingmethod either 3 or 4 should be applied to
predict in vivo biokinetics, dosimetry, and absorbed doses in
humans based on animal data more accurately. On the
contrary, in small animals like mice, despite the applied
extrapolation methods, interspecies differences may still be
observed. For instance, in our study, none of the applied
extrapolation methods on mice liver TIAC values provides
similar values compared to humans due to the biphasic
clearance of the OPS201 agent from the mice liver which was
different compared to pigs and humans.

Although mouse models are applied widely in cancer
translational research, there are still some limitations that
need to be addressed [14]. Amongst others, the main dif-
ferences in physiological parameters are the organ size, the
heartbeat rate, and, as a consequence, the faster biological
half-life of radioactive compounds in the animals [14]. In
addition, gender-specific differences may play a role; how-
ever, the setup of the studies was not optimized to address
these potential effects.

Allometric scaling may account partially for some of
these effects as we have shown in our study (equation (4);
Method 5). However, as de Jong and Maina stated [14], it is
advisable to remain “critical and cautious about the appli-
cability of animal data to the clinical domain.”

Not only scaling but also the follow-up period plays an
important role when investigating the biokinetics of ther-
apeutic agents. In this study, the follow-up time in mice and
patients was rather short, especially for an analysis of the
biokinetics and dosimetry. ,e blood samples were taken
from 1 h up to 72 h for mice and from 0.3 h up to 23 h for
patients. We are missing the early phase (for mice) and late
phase (for mice and humans) of the biokinetics. ,ese data
at early time points provide valuable information of the
uptake pattern of the radiopharmaceutical, whereas for
biodistribution and dosimetry assessments of 177Lu-labeled
compounds, the late time points (72 hours and later) have
the greatest impact on the TIAC values which directly affect
also the absorbed dose values [15]. In order to have sufficient
data leading to more accurate results for analyzing the
biokinetics and dosimetry, blood sampling at least up to
150–200 h is needed. As observed for blood, additional data
on both early time points and late time points are needed for
a better analysis of the liver and kidney biokinetics in mice
and patients, despite the fact that the patterns in each species
were similar.
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Figure 3: Time-activity curves of blood based on VOI and well-type
gamma counter analysis for each species. Dots: time-dependent per-
centage uptake data sets for the blood. Line: fit curves for the blood
including fit function parameters from NUKFIT for mice (BM), pigs
(BP), and humans (BH), respectively. All standard deviation valueswere
less than 10% (can be seen in Supplementary Tables 2(a) and 2(b)).

Table 1: Time-integrated activity coefficient (TIAC (unit: h)) values
for the selected organs of mice, pigs, and humans with respective error
calculated by NUKFIT with an assumption of 10% systematic error
based on Method 1 (same biodistribution approach).

Kidney
TIAC ± error

(h)

Liver
TIAC ± error

(h)

Blood
TIAC ± error

(ml/h)
Method 1
Mice 1.44 ± 8.5E − 02 0.75 ± 4.1E − 02 0.0370 ± 2.0E − 03
Pigs 7.67 ± 1.8E − 01 4.08 ± 9.4E − 02 0.0002 ± 3.4E − 06
Humans 5.85 ± 4.2E − 01 5.32 ± 3.4E − 01 0.0002 ± 8.2E − 05

Table 2: Time-integrated activity coefficient (TIAC (unit: h))
values for the selected organs of mice and pigs based on applied
scaling methods.

Kidney
TIAC (h)

Liver TIAC
(h) Blood TIAC (h/ml)

Mice Pigs Mice Pigs Pigs
Method 2 0.43 4.17 0.32 1.04 0.00022
Method 3 3.89 8.73 0.88 4.65 0.00025
Method 4 1.17 4.75 0.38 1.18 0.00026
Method 5 0.44 6.63 0.40 3.78 0.00021
Method 2: relative mass scaling; Method 3: time scaling; Method 4:
combined relative mass and time scaling; Method 5: allometric scaling.
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Since the follow-up time of blood in mice and humans
was not sufficient and, additionally, because of high vari-
ability in the median values for humans andmice blood data,
mice blood data were neglected from the extrapolation
method analyses. In addition, there is a lack of information
about the total blood volume of mice; thus, the uptake of the
radiopharmaceutical cannot be deduced. On the contrary,
since we do not have these limitations in pigs, five ex-
trapolation methods were applied on the pig blood data set.
In addition to this, in pigs, measurements could be carried
out over a longer period for dosimetry, biokinetics, and
biodistribution assessments of therapeutic agents as com-
pared to rodents, which makes the analyses more stable and
accurate.

Since the kidneys and bone marrow are critical organs in
177Lu-OPS201 treatment, applying our results to calculate
bone marrow-absorbed doses could potentially improve the
study analyses. Bone marrow dosimetry can be performed
either on the basis of blood and whole body TIACs [16, 17]
image based on scans of lumbar vertebrae 2–4 (LV2–4) [18].
As we have neither data for mice on the activity contents of
bone marrow containing tissues nor LV2–4-segmented
uptake values for the patients, a comparison of bone marrow
dosimetry based on images (for humans) and on bone
marrow uptake values (for mice) could not be performed.
For the blood-based method, the main contributor to the
bone marrow-absorbed dose is the TIAC of the blood
([16, 17]) which we have compared in our work. For future
studies, it could be beneficial to have bone marrow tissue
samples and/or corresponding image data for an improved
comparison of bone marrow TIACs and, as a consequence,
absorbed doses.

,e fast blood clearance of the OPS201 in the first phase
(<56 h) for each species was in agreement with studies of the
agonist [15, 19]. Sandstrom et al. [15] observed a first phase
with a mean effective half-life of 1.6 h, in agreement with our
data for mice (1.8 h) and pigs (1.7 h). For humans, most likely
because of the short observation period, the value was lower
(0.5 h). For the late phase in pigs, our result (58 h) is also
close to the results obtained in the human study with the
agonist (43 h). Part of an ongoing phase 1 study [20] with
177Lu-OPS201 in patients with SSTR-positive progressive
NETs, in which dosimetry data are taken also at time points
later than 48 h, is to substantiate whether the biokinetics of
the agonist and antagonist in the pig model are comparable
to those in the patients after treatment with 177Lu-OPS201.

5. Conclusion

Extrapolation methods need to be applied in preclinical
studies in order to predict the biokinetics, TIACs, absorbed
doses, and dosimetry in humans more accurately. According
to our results, if the organ mass ratios between the species
are high (e.g., for mice compared to humans), the most
adequate scaling method for TIACs is either time scaling or
combination of relative mass and time scaling. Furthermore,
this study shows that, for the 177Lu-labeled dosimetry
studies, follow-up times at late time points (more than 72 h)
are needed for TIAC calculations in order to appropriately

represent the area under the curve and to analyze both
biokinetics and dosimetry accurately. Based on our analysis
of the biokinetics, fit functions, and the TIAC values, pigs
mimic humans better than mice. In addition to all of these
topics mentioned above, increasing the number of subjects
and including a gender-based analysis of biokinetics and
dosimetry may produce even more representative results.
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