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Abstract

Micro-computed tomography (micro-CT) imaging is an emerging technology with many applications in small animals, for example,
the study of pulmonary diseases, although clear guidelines and critical mass of evidence are still missing in the preclinical litera-
ture. The neonatal rabbit is a valuable model for studying pulmonary development. However, the longitudinal monitoring of lung
function by micro-CT can be challenging. Distinctive datasets corresponding to the end-inspiration and end-expiration phases
need to be generated and analyzed to derive lung-functional parameters. The quality of CT scans and the reliability of parame-
ters obtained remain highly dependent on the anesthesia protocol used. Three different anesthetic protocols were tested. The
combination of dexmedetomidine 0.25 mg/kg injected intraperitoneally followed by 1% isoflurane was found to facilitate CT imag-
ing at 4 and 11 days after birth. Contrarily, isoflurane and ketamine-xylazine were found unsuitable and thus not investigated fur-
ther. Total lung volumes significantly increased at day 11 compared with baseline in both respiratory phases, whereas lung tissue
remained constant. As expected, functional residual capacity, air-to-tissue ratio, and minute ventilation were significantly
increased at day 11 in each animal. Those parameters were correlated with inspiratory capacity, compliance, elastance, and re-
sistance of both respiratory system and tissue component, as measured by flexiVent. Lung development was also evaluated by
histomorphometric analyses. In conclusion, we have identified a safe and suitable anesthesia protocol for micro-CT imaging in
neonatal rabbits. Moreover, the possibility to longitudinally measure lung function in the same subject dramatically reduced the
intraexperimental variability.

anesthesia; longitudinal study; lung function; micro-CT imaging; term rabbit pups

INTRODUCTION

Micro-computed tomography (micro-CT) imaging is
rapidly emerging as a noninvasive technology with a broad
range of applications in different fields of research. In lung
imaging, in particular, micro-CT allows the longitudinal
quantification of air and tissue parameters, highlighting
parenchymal changes caused by a progressive disease or
reflecting lung development (1, 2).

High-resolution-computed tomography (HRCT) is an
invaluable tool for the assessment of several lung disorders
in clinical practice, with clear diagnostic guidelines (3–5).
However, in preclinical studies, the critical mass of evidence
is still missing with still scarce micro-CT data and uncertain
procedures either for extracting quantitative information
from CT images or for selecting the most suitable anesthetic
protocol.

In the literature, most of lung measurements rely on a
unique respiratory phase, usually consisting of the end-

expiration phase where free-breathing animals lie still for
most of the acquisition time (2). This represents, however,
only a static view of what occurs inside the lung, precluding
any dynamic evaluation over time.

Lung-function parameters can be only extracted by
analyzing two distinctive datasets corresponding to the
main respiratory phases, i.e., the end-inspiration and
end-expiration phases, doubling the postprocess time
and data storage.

Although the recent implementation of respiratory gating
algorithms can provide two distinctive datasets, the quality
of scans remains strictly dependent on the anesthesia proto-
col used (6, 7). For this reason, optimal anesthesia for image
acquisition is essential. It is crucial that anesthesia is safe,
with the shortest recovery time to allow multiple measures
on the same subject; it should minimize undesirable body
movements, thus avoiding motion-related artifacts, and
should stabilize the breathing rate to permit the proper
reconstruction of the two datasets.
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The neonatal rabbit has been extensively reported as a
useful model for studying lung physiology and pathophysi-
ology (8–13), providing many opportunities for accurate
investigation of lung development in a small animal model
(2). However, their size and anatomical/physiological char-
acteristics make them extremely vulnerable to any hypother-
mia, rapid desaturation, and hypoxemia that may occur
during anesthesia (14).

In this study, we intended to identify a safe and reliable
anesthetic protocol to facilitate longitudinal quantification
of lung function in newborn term rabbits by micro-CT at 4
and 11 days after birth.

By referring to the current bronchopulmonary dysplasia
(BPD) model (2), days 4 and 11 after term birth (day 31 of ges-
tation) correspond to days 7 and 14 after preterm birth (day
28 of gestation), that coincide with the time of BPD diagnosis
in neonates (15).

MATERIALS AND METHODS

Animals

Time-mated New Zealand White rabbits were obtained
from Charles River Laboratories (France). Pregnancy was
confirmed with ultrasound examinations 12–14 days after ar-
tificial insemination at the supplier’s facility. Animals were
maintained in the research facility receiving food and water
ad libitum until natural delivery of pups occurred (day 31).

After birth, term rabbit pups were then placed on soft bed-
ding inside an incubator under controlled conditions of nor-
moxia (21% oxygen) and temperature (32�C). From day 4
(baseline timepoint), the body weight of pups was daily
noted to monitor their development in term of % of gain
with respect to baseline and determine the amount of food
to be provided twice daily to each pup (Supplemental Fig. S1,
A and B; see https://doi.org/10.6084/m9.figshare.15098469).

Six rabbit neonates were used for testing two anesthetic pro-
tocols, three for isoflurane (Iso) alone and three for ketamine
(Keta) þ xylazine (Xyla), respectively. Then, six further rabbit
pups were used to test the new combination of Dex and Iso.
They were longitudinally monitored by micro-CT at 4 and 11
days after birth, subjected to flexiVent analysis at the end
point, and finally euthanized for lung excision (n = 6 at day 11).
Other six pups, instead, were euthanized at day 4 only to pro-
vide some histological observations of early lung development.

Ethical Statement

All animal experiments described herein were authorized
by the official competent authority and approved by the

Intramural Animal-Welfare Committee for Animal Experi-
mentation of Chiesi Farmaceutici and in compliance with
the European Directive 2010/63 UE, Italian D.Lgs 26/2014,
the revisedGuide for the Care and Use of Laboratory Animals
(16) and with the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines (17). The experimental
protocol was approved by the internal AWB (Animal Welfare
Body) and authorized by the Italian Ministry of Health
(Protocol No. 809/2019-PR).

Anesthesia Protocol

Three different anesthetic protocols were evaluated on
newborns at days 4 and 11: Iso at 4% in oxygen in saturated
chamber (IsoFlo, Zoetis, Inc., New Jersey), Keta (Lobotor,
ACME, Cavriago, Reggio Emilia, Italia), and Xyla (Rompun,
Bayer, Germany) intraperitoneally injected and the combi-
nation of Dex (Dexdomitor, Zoetis, Inc.) intraperitoneally
injected followed by exposure to 1% Iso. All details were
reported in Table 1.

Dex was injected intraperitoneally (0.25 mg/kg). Thereafter,
neonates were supplied with oxygen until 100% saturation
was reached to reduce the risk of hypoxemia during image
acquisition.

Pups were then positioned inside the CT scan and anes-
thetized with 1% Iso in oxygen using a facemask. The home-
made facemask was designed to fit snugly on the muzzle of
the rabbit pup without obstructing its mouth or nose and
minimizing the dead space to avoid rebreathing of carbon
dioxide (Supplemental Fig. S2A; see https://doi.org/10.6084/
m9.figshare.15099966).

After each image acquisition, and 20min after Dex admin-
istration, atipamezole hydrochloride (Antisedan, Zoetis,
Inc.) 1 mg/kg was subcutaneously injected to facilitate the re-
covery time, completely displacing Dex from a2-agonist
receptors.

During all procedures, pups were kept at 32�C in a warm-
ing system (Mini Thermacage, Datesand group, Envigo, San
Pietro al Natisone, Udine, Italia) except for during the scan
period and received 100% oxygen during the recovery time.

Measurements of body temperature (�C), breathing rate
per minute, heart beats per minute (beats/min), and blood
oxygenation (%O2) were recorded before and after premedi-
cation, after micro-CT imaging, and after recovery in new-
born rabbits anesthetized with the combination Dex plus
Iso, since neither isoflurane alone nor Keta þ Xyla protocols
were investigated further (Supplemental Table S1; see
https://doi.org/10.6084/m9.figshare.15101181). Breathing and
heart rates and blood oxygenation were recorded by

Table 1. Anesthetic protocols

Days after Birth Pups, n Anesthesia Dose Time before Imaging, Min� Recovery Time, Min#

4 3 Iso 4% >30 NA
11 3 Iso 4% >30 NA
4 1 Keta þ Xyla 10 þ 5 mg/kgþ 10 þ 5 mg/kg 47 95
4 2 Keta þ Xyla 20 þ 10 mg/kg 13 ± 5 115 ± 10
11 2 Keta þ Xyla 20 þ 10 mg/kg 5 ±0.5 100 ±6
4 6 Dex þ Iso 0.25 mg/kg þ 1% 9 ± 1 30 ±5
11 6 Dex þ Iso 0.25 mg/kg þ 1% 9 ± 1 28 ± 3

Values are means ± SD. Dex, dexmedetomidine; Iso, isoflurane; Keta, ketamine; NA, not available; Xyla, xylazine. �Time required to
start micro-CT acquisition. #Time required to a complete restoration of pedal withdrawal reflex and mobility of the pup.
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MouseOx Plus Pulse Oximeter with a paw sensor (STARR-
Link, Ugo Basile, Varese, Italy).

A thermal camera (FLIR E86-EST handheld, Teledyne
FLIR, Wilsonville, OR) was used to capture external tempera-
tures during each imaging session, as reported in some rep-
resentative images displayed in Supplemental Fig. S2B.

All injectable anesthetics were freshly prepared in saline,
at the desired working concentration, at the beginning of
each imaging session.

Micro-CT Lung Imaging

Lung imaging was performed with Quantum GXMicro-CT
(PerkinElmer). Images were acquired with the following pa-
rameters: X-ray tube voltage 90 KV, X-ray tube current 88 μA
over a total angle of 360� for a total scan time of 4 min. The
“high-resolution” scan mode generated one three-dimen-
sional (3-D) dataset with 90-μm isotropic reconstructed voxel
size and was used to scan pups sedated with Iso. In pups
sedated with Keta þ Xyla and Dex þ Iso anesthesia, images
were acquired using the “high-speed” modality with an
intrinsic retrospective two-phase respiratory gating tech-
nique resulting in two 3-D datasets that corresponded to the
two different phases of the breathing cycle (inspiration and
expiration). The same field of view and resolution were
maintained between the two different timepoints.

Airways and total lung volumes were semiautomatically
segmented using Perkin Elmer Analyze software (Analyze
12.0; Copyright 1986–2017, Biomedical Imaging Resource,
Mayo Clinic, Rochester, MN). Micro-CT images were rescaled
into Hounsfield units (HU), setting�1,000 HU as the density
of air and 0 HU as the density of water. All data presented
for each pup refer to both end-inspiratory (P01) and end-ex-
piratory (P02) phases. Mean lung attenuation (MLA) was
extracted from each rescaled HU image to assess air and tis-
sue contents in the lung. Other functional parameters of in-
terest were derived (18), i.e., the functional residual capacity
(FRC, Eq. 1) as the volume of air (mm3) at the end of the ex-
piratory phase, air-to-tissue ratio (ratio, Eq. 2) at the end-
inspiratory phase, and the tidal volume (Vt, Eq. 3) as the
amount of air exchanged between inspiration and expiration
(mm3), as reported in Table 2. A python script (Python, ver-
sion 3.8.5) was generated to estimate the breathing rate for
each pup at both timepoints. During the 4min of CT acquisi-
tion, inspiratory peaks were recorded and stored in a .csv file
as amplitude values over time. The python algorithm
counted the number of peaks and quantified the breathing
rate per minute by dividing for the scan time.

The minute ventilation (mm3/min) was also calculated by
multiplying the tidal volume (mm3/breath) for respiratory

rate (breaths/min) (Eq. 4), representing a dynamic measure-
ment of ventilation degree and then normalized on animal
body weight (mm3/min·kg).

Terminal Lung-Function Measurements

Invasive lung-function testing was performed using the
forced oscillation technique with the flexiVent system
(SCIREQ, Canada) on six neonatal rabbits at day 11 after
micro-CT lung imaging. The pups were anesthetized with an
intraperitoneal administration of ketamine (35 mg/kg) and
xylazine (6 mg/kg). Pups were then tracheostomized by an
18-gauge metal needle and connected to the volume-con-
trolled mechanical ventilator set at tidal volume 10 mL/kg,
frequency of 120 breaths/min, and positive end-expiratory
pressure (PEEP) of 3 cmH2O. The following parameters were
measured: total inspiratory capacity (IC), airway resistance
(Rn), lung tissue damping (tissue resistance, G), and lung tis-
sue elastance (H) using Primewave-8 forced oscillation; static
compliance (Cst) using the pressure-volume curve; and
dynamic compliance (Crs), elastance (Ers), and resistance
(Rrs) using Snapshot-120 perturbation.

Three consecutive measurements were performed until a
coefficient of determination >0.95 was obtained, confirming
consistent and acceptable measures. The average of these
three measurements was used for the analysis.

Histomorphometric Analysis

Lung samples of pups, previously anesthetized with
Dex þ Iso and then subjected to longitudinal CT imaging,
were collected after CT acquisition at day 11 after birth (n = 6).
Other pups (n = 6) were euthanized 4 days after birth for histo-
logical evaluations at this timepoint of observation.

All pups were euthanized with a pentothal sodium over-
dose before lung harvesting. Lungs were completely excised
and fixed with 10% buffered formalin (Sigma-Aldrich,
Germany) for at least 4 h under constant pressure (25
cmH2O). After 48 h of formalin fixation, lung samples were
dehydrated in graded alcohol solutions, xylene clarified, and
paraffin-embedded with the dorsal surface of the slice down.
Five-micrometer thick sections were obtained using a rotary
microtome and stained with hematoxylin and eosin (H&E).
Histological slides were acquired as whole slide images (WSI)
by digital slide scanner (Nanozoomer S-60, Hamamatsu,
Japan). The histomorphometric parameters of tissue density
(TD) and air content (AC) were then semiautomatically
determined using a customized application developed with
Visiopharm image analysis software (Hoersholm, Denmark).
Applying a threshold-basedmask on lung section, it was pos-
sible to distinguish objects of interest (tissue or air) from

Table 2. Densitometric-based calculations of lung-function parameters

Parameter Equation

FRC (Eq. 1) FRC ðmm3Þ ¼ VP02 mm3ð ÞMLAP02ðHUÞ
Air ðHUÞ

A/T (Eq. 2) Ratio ¼ AirP01ðmm3Þ
TissueP01ðmm3Þ AirP01ðmm3Þ ¼ VP01 mm3ð ÞMLAP01 HUð Þ

Air HUð Þ
TissueP01ðmm3Þ ¼ VP01 mm3ð Þ � AirP01ðmm3Þ

Vt (Eq. 3) Vt mm3=breath
� � ¼ AirP01 � FRC

Minute ventilation (Eq. 4) Minute ventilation ¼ Vt ðmm3=breathÞ � respiratory rate breaths=minð Þ
A/T, air-to-tissue ratio; FRC, functional residual capacity; HU, Hounsfield units; MLA, mean lung attenuation; P01, end-inspiratory

phase; P02, end-expiratory phase; Vt, tidal volume.
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background (areas of exclusion). The stained tissue area of
the WSI was measured excluding air spaces, bronchi, and
blood vessels and including otherwise cells and nuclei in the
density mask. The TD was quantified as percentage of
stained area on the total selected area. AC was measured
using a white threshold and calculating the percentage of
area occupied by air on the lung total area.

The radial alveolar count (RAC) parameter was manually
measured in H&E-stained sections, using the Hamamatsu
viewer, by drawing a perpendicular line from the lumen of
the terminal bronchiole to the nearest connective tissue sep-
tum or pleural margin, and the number of air sacs or alveoli
crossed by this line was counted (19–22).

Statistical Analysis

Statistical analyses were performed using Prism 8 software
(GraphPad Software Inc., San Diego, CA). All data are
expressed as means ± SD. Two-way ANOVA followed by
Tukey’s test was performed to analyze the longitudinal
assessment of air and tissue inside lungs by micro-CT and
histology. Micro-CT functional parameters and histological
quantifications of RAC at day 11 were compared with results
at day 4 using two-tailed paired t test. A P< 0.05 was consid-
ered statistically significant. Finally, a Spearman matrix was
generated to evaluate the relationship between flexiVent
data and micro-CT functional parameters (RSpearman data
were reported corresponding to each correlation).

RESULTS

Anesthesia Protocols

Gas isoflurane.
Gas isoflurane, a common inhaled agent for in vivo imaging
applications (1), was initially applied. An adequate sedation
before starting image acquisition required 30 min of expo-
sure to isoflurane and a scaling up to 4% concentration. This
anesthesia produced an evident depression of tidal breath-
ing associated with struggling and breath holding during gas
administration, even at lower concentrations. Thus, neona-
tal rabbits were imaged using the high-resolution scan mode
without the respiratory gating. As images were acquired
without respiratory gating, the breathing rate could not be

recorded. A unique 3-D dataset for each pup was generated
with this modality representing an average condition
between the inspiratory and the expiratory phase.
Representative 2D projections (Fig. 1A) clearly highlighted
body motion artifacts (red arrowheads) and heartbeat
(blue arrowhead). These distortions and the impossibility
of separating the inspiratory and expiratory phases pre-
cluded both functional analysis and the correct densito-
metric evaluation of lung aeration compartments at both
timepoints of observation.

Ketamine and xylazine.
Initially, one neonatal rabbit was intraperitoneally injected
with 10 mg/kg Keta þ 5 mg/kg Xyla at day 4, but this dose
was insufficient to induce sedation and a second injection
with the same concentrations was necessary. The dose 20
mg/kg Keta þ 10 mg/kg Xyla provoked a complete relaxa-
tion of the pups in few minutes but with long recovery times
(Table 1), which drastically increased the risk of hypother-
mia, respiratory depression, and dyspnea. One pup died dur-
ing the recovery period.

During micro-CT acquisition, the breathing pattern
was recorded (Supplemental Fig. S3Ai; see https://doi.org/
10.6084/m9.figshare.15100893) revealing constant low rates
and long end-expiration phases, thus altering the normal
breathing rate and the following functional analyses.

The Keta þ Xyla combination was assayed at day 11 in the
two remaining pups, producing the same problems observed
at day 4 (Supplemental Fig. S3Aii). Although many issues
emerged with this anesthesia protocol (i.e., long recovery
times and altered breathing rate), imaging procedures and
the reconstruction of two distinctive datasets representing
the end-inspiration (P01) and end-expiration (P02) phases
could be performed at days 4 and 11 (Fig. 1B, i and ii,
respectively).

Dexmedetomidine plus Isoflurane

The premedication of newborn rabbits with dexmedeto-
midine, an a2-agonist often used in veterinary practice,
proved useful in alleviating stress and significantly decreas-
ing the amount of isoflurane required for induction
and maintenance of anesthesia. Dex was intraperitoneally

Figure 1. Pilot study: gas vs. injectable anesthesia. Representative micro-CT 2-D slides of rabbit neonates’ lungs acquired after anesthesia based on gas
Iso (n = 3; A) or injectable Keta þ Xyla (n = 3; B). A: apnea induced by the gaseous agent precluded the use of respiratory gating strategy and only an av-
erage image could be obtained, affected by motion artifacts due to diaphragm (red arrowheads) and heart (blue arrowhead) movements. B: the inject-
able combination, instead, allowed the reconstruction of two distinct datasets, the end-inspiration (P01, i) and end-expiration (P02, ii) phases. CT,
computed tomography; Dex, dexmedetomidine; Iso, isoflurane; Keta, ketamine; P01, end-inspiratory phase; P02, end-expiratory phase; 2-D, two-dimen-
sional; Xyla, xylazine.
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administered at 0.25 mg/kg in six rabbit pups 4 and 11 days
after birth (Table 1). Five minutes after injection, the pups
seemed relaxed, but they continued to react to stimulation
of the pedal withdrawal reflex. The pups were positioned on
micro-CT bed support and 1% Iso was supplied by a home-
made facemask (Supplemental Fig. S2A). Complete muscle
relaxation was reached 1 min before starting image acquisi-
tion. The breathing rate remained constant during the 4 min
of acquisition at both days 4 and 11, as shown in the two rep-
resentative graphs in Supplemental Fig. S3B, i and ii, respec-
tively. Moreover, amplitude of peaks and rates were higher
than those registered with Keta þ Xyla (Supplemental Fig.
S3A, i and ii) and were unchanged throughout the whole
imaging sessions (Supplemental Table S1), suggesting that
premedication and anesthesia did not negatively impact res-
piration. A comparable number of projections registered
during inspiratory and expiratory phases was a substantial
aid to generating reliable P01 and P02 datasets. As reported
in Fig. 2, A and B, the image quality of the reconstructed
datasets was improved, better than under the Keta þ Xyla
protocol, and free frommotion-related artifacts.

External temperature, heart rate, and oxygenation during
each imaging session were measured and reported in
Supplemental Table S1. At both timepoints, a slight decrease
in body temperature was observed (<1�C) especially after CT
imaging. Breathing rates were not substantially influenced
by anesthesia, whereas Dex administration displayed some
effects on heart rate, which significantly slowed down (from
292±7 to 223±32 beats/min at day 4, P < 0.01; from 325±21
to 213 ±32 at day 11, P < 0.05). However, blood oxygenation
never dropped below 98%.

Thus, Dex plus Iso resulted in a safe anesthesia protocol
for neonatal rabbits, with short recovery times consistent

with optimal animal welfare and suitable for longitudinal
micro-CT imaging.

Longitudinal Measurement of Lung Function by
Micro-CT

The six rabbit pups anesthetized with Dex þ Iso were lon-
gitudinally monitored bymicro-CT. Representative transver-
sal and coronal lung micro-CT scans (either P01 or P02
phases) of the same subject, on days 4 and 11, are shown in
Fig. 2,A and B.

Body volumes and lungs were increased at day 11 com-
pared with baseline (Supplemental Fig. S1, A and B). As
expected, body weight increased by nearly 40% in the
week between days 4 and 11, from 71 ± 15 up to 98 ± 18 g.
Total lung volumes were longitudinally quantified either
in P01 or P02 phases (Fig. 2C). On day 4, lung volumes
were 2,400 ± 360 mm3 in P01 and 1,700 ± 310 mm3 in P02
and significantly increased by 11 days up to 3,830 ± 800
mm3 in P01 (P < 0.001) and 3,390 ± 780 mm3 in P02 (P <
0.01).

The lungs appeared darker at day 11 compared with day 4,
both at P01 and P02. Mean attenuation values were
�445±58 HU in P01 and �370±68 HU in P02 on day 4 and
�575±21 HU in P01 and �518±25 HU in P02 on day 11. Air
content significantly increased (black box) either in P01 or
P02 phases at day 11 compared with day 4 (P < 0.001),
whereas the tissue component remained constant in this
stage of development (Fig. 2C).

Air-to-tissue ratio measured at the end of inspiration
was significantly higher at day 11 compared with baseline
(P < 0.01, Fig. 2D), since the amount of air was signifi-
cantly increased, whereas lung tissue was stable over
time.

Figure 2. Low concentrations of Dex þ
Iso allow longitudinal and reliable micro-
CT lung scans in rabbit pups. n = 6 new-
born rabbits were premedicated using
0.25 mg/kg Dex and anesthetized with 1%
Iso in oxygen. Both P01 and P02 datasets
generated at day 4 (A) or day 11 (B) were
reconstructed and analyzed. A and B:
some representative transversal and coro-
nal slides of pups’ lung at the end of inspi-
ration and expiration phases. The following
quantification of air and tissue in the lung
provided an important description of lung
development (C), such as the assessment
of air-to-tissue ratio (D). Changes in air and
tissue components (mm3) from 4 to 11 days
were compared using a two-way ANOVA
followed by Tukey’s test (���P < 0.001). A
paired t test was used to compare varia-
tions in air-to-tissue ratio between the two
timepoints (��P < 0.01). CT, computed to-
mography; Dex, dexmedetomidine; Iso,
isoflurane; P01, end-inspiratory phase; P02,
end-expiratory phase.
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As expected, also FRC corresponding to the residual vol-
ume of air at the end of expiration significantly increased
from 4 to 11 days for each pup (P < 0.01, Fig. 3A), concur-
rently with lung volumes expansion.

Tidal volume, which represents the amount of air
inhaled or exhaled in a single tidal breath, was constant
at the two timepoints of observation (Fig. 3B). However,
breathing rates expressed as breaths per minute (brpm,
Fig. 3C) were significantly increased at day 11 compared
with 4 days (P < 0.05). Thus, although tidal volumes were
not subject to considerable variation in this growing pe-
riod, minute ventilation, i.e., the volume of air movement
in a minute, significantly increased at day 11 (P < 0.01,
Fig. 3D) compared with day 4. When normalized by body
weight, however, minute ventilation/kg did not change in
term neonate rabbits (Fig. 3E).

FlexiVent Data

As it is a terminal procedure, in this study, we only eval-
uated flexiVent data on day 11.

Dynamic resistance and compliance (Rrs and Crs) are the
most reported outcomes to assess lung function, meaning
the level of constriction in the lungs and the ease with which
the respiratory system can be extended, respectively.
Elastance (Ers) captures the elastic stiffness of the respiratory
system at the ventilation frequency and corresponds to the
reciprocal of the compliance.

Table 3 also shows inspiratory capacity (IC), which
assesses the amount of air that can be actively inhaled at the
end of a full inspiration and static compliance (Cst), which is
derived from a pressure-volume relationship spanning over
the entire inspiratory capacity.

To distinguish between the airway and tissue mechanics,
airway resistance, tissue damping and tissue elastance were
also reported. Tissue damping (G) relates to tissue resistance
and reflects the energy dissipation in the alveoli, contrarily
to tissue elastance (H), which reflects the energy conserva-
tion in the alveoli. Airway resistance (Rn), finally, represents
the resistance of the central or conducting airways.

Figure 3. Lung-function measurements by
micro-CT imaging: a 4-D analysis of venti-
lation degree. n = 6 term rabbit pups were
longitudinally scanned by micro-CT at the
two timepoints, 4 and 11 days after birth.
For each pup FRC (A), tidal volume (B),
breathing rates (C), minute ventilation (D),
and minute ventilation/kg (E) were calcu-
lated. A: FRC corresponded to the air con-
tent in the lung at the end of expiration. B:
the tidal volume was measured as the dif-
ference between air content in inspiration
and expiration phase. The number of respi-
ratory peaks (C) recorded during 4 min of
CT acquisition was automatically extracted.
D: minute ventilation was calculated as
mm3 air exchanged in the lung in a minute
and was also expressed normalized by
pup body weight (E). Data are expressed
as means ± SD. All parameters at day 4
were compared with day 11 using a paired t
test (�P < 0.05; ��P < 0.01). F: micro-CT
and flexiVent data were then correlated
using a Spearman matrix. The color bar evi-
denced high positive correlations in red,
whereas negative trends were shown in
blue. For each correlation, the RSpearman

has been reported in each box. Crs,

dynamic compliance; Cst, static compli-
ance; CT, computed tomography; Ers, ela-
stance; IC, inspiratory capacity; 4-D, four-
dimensional; FRC, functional residual
capacity; G, lung tissue damping; H, lung
tissue elastance; Rrs, resistance; Vt, tidal
volume.

Table 3. flexiVent data assessed at day 11

Parameter Value

Static measurements
Inspiratory capacity, mL IC 3.19 ± 0.67
Static compliance, mL/cmH2O·kg Cst 0.32 ±0.05

Forced oscillation
Tissue damping, cmH2O/mL G 0.96 ±0.21
Tissue elastance, cmH2O/mL H 3.36 ±0.64
Airway resistance, cmH2O·s/mL Rn 0.06 ±0.01

Single-frequency FOT
Dynamic compliance, mL/cmH2O·kg Crs 0.26 ±0.05
Dynamic elastance, cmH2O·kg/mL Ers 3.92 ±0.7
Resistance, cmH2O·s/mL Rrs 0.19 ± 0.04

Values are means ± SD; n = 6. FOT, forced oscillation technique.
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Micro-CT results on day 11 and flexiVent were compared
by a Spearmanmatrix (Fig. 3F). Good correlations, both posi-
tive and negative, were found between CT outcomes and
flexiVent parameters, reaching Spearman scores higher than
j0.7j, except for air-to-tissue ratio, which did not correlate
with any of the flexiVent parameters.

IC, Crs, and Cst positively correlated with FRC, Vt, and mi-
nute ventilation (RSpearman > 0.77, P < 0.05). Resistance, tis-
sue damping, and tissue elastance displayed, instead, a
negative correlation with tidal volume, suggesting that lung
tissue resistance may impair air exchange during normal
breathing.

Histomorphometric Analysis

Histomorphological analysis of neonatal rabbits’ lung pa-
renchyma on days 4 and 11 after birth, revealed an increasing
number of newly formed septa replacing the preexisting pri-
mary septa. These structures subdivided the air spaces into
smaller units, the alveoli, further enlarging the gas-exchange
surface (Fig. 4A). The progression of lung development was
documented by a significant increase in RAC value (P <
0.001, Fig. 4B), despite there being no significant change in
the percentage of tissue density (TD) detected within the
lung parenchyma (Fig. 4C).

DISCUSSION AND CONCLUSIONS

Computed tomography plays a key role as a noninvasive
technology in different research fields, especially for the
assessment of lung diseases in either clinical or preclinical
settings.

Clinical diagnosis of several respiratory diseases is cur-
rently based on high-resolution computed tomography
(HRCT), and although the most used system (visual scoring)

depends on radiologists’ experience (23, 24), clear guidelines
are available. In contrast, a wide variation exists in preclini-
cal applications, where unbiased operator-independent
quantitative evaluations of lung function are poorly
described. Micro-CT data and protocols are still scarce both
for acquisition and quantification of lung CT scans in free-
breathing animals; in most studies, in fact, the end-expira-
tion phase is usually the only one quantified, since it usually
produces the “best-quality” image generated during a tidal
breathing.

A safe and reliable anesthesia protocol for longitudinal
micro-CT quantification of lung function in newborn rabbits
is lacking. In contrast to rodents, neonatal rabbits at birth
are in the early to middle alveolar stage of lung development
with mature surfactant and antioxidant systems, similar to
newborn human infants (9, 25, 26); they thus present a great
opportunity to study lung physiology and pathophysiology
(8–11) in a small animal model (2). However, in this model,
anesthesia is particularly challenging since newborn rabbits
have a limited reserve capacity in most physiologic systems.
They are highly dependent on heart rate to maintain cardiac
output and blood pressure and have less functional contract-
ile tissue, limited cardiac reserve, and low ventricular com-
pliance compared with adults. Anatomic differences such as
large tongue and less rigid airway cartilage can facilitate
upper airway obstructions. The ribcage is more pliable and
the intercostal muscles weaker than adults, increasing the
risk of airway collapse and respiratory fatigue, thus
predisposing them to rapid desaturation and hypoxemia.
Thermoregulation is also impaired and the large body sur-
face area relative to body weight, minimal fat reserve, and
the absence of fur make them extremely vulnerable to hypo-
thermia. The overall risks of anesthetic and sedation-related
deaths in rabbits is 1.39% (27).

Figure 4. Histomorphometric analysis of term rabbit pups’
development. A: representative images of the lung paren-
chyma 4 and 11 days after birth (scale bar 250 mm) showing
different numbers of alveoli (arrowheads) composing the al-
veolar sacs (AS) at both timepoints. Terminal bronchioles
(TB) and alveolar ducts (AD) are also indicated. B: the histo-
gram shows the mean value of the radial alveolar count
(RAC) measured at the two timepoints. The paired t test was
used to compare RAC between 4 and 11 days (���P <
0.001). C: percentages of tissue and air within the area occu-
pied by the lung section after removal of bronchi and blood
vessels. Percentages of tissue and air at day 4 were com-
pared with day 11 by two-way ANOVA followed by
Tukey’s test without demonstrating any statistical signifi-
cance. Data are expressed as means ± SD.
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In this study, we tested three different anesthetic proto-
cols for longitudinal micro-CT imaging at days 4 and 11 after
birth.

Isoflurane is a common gas agent used for preclinical
imaging due to its manageability, quick sedation, and rapid
recovery times (1, 28). However, in newborn rabbits, an evi-
dent depression of tidal breathing associated with struggling
and breath holding was observed. When administered alone,
it might irritate airways and eyes even at low concentrations,
provoking stress and anxiety and finally inducing apnea
(29). Thus, although the above-mentioned protocol proved
very simple and was applied for longitudinal micro-CT stud-
ies on rabbit neonates (2), a unique image dataset, represent-
ing an average between the inspiratory and the expiratory
phase, could be acquired, precluding any micro-CT lung-
functionmeasurements.

On the other hand, even though we have shown that
Keta and Xyla could be a feasible solution to derive lung-
function parameters from micro-CT scans, breathing rate
was affected, producing low rates and long end-expira-
tion phases, and altering the normal breathing pattern
and the subsequent functional analyses. Moreover, our
internal Animal Welfare Body deemed this anesthesia
protocol not fully in compliance with animal welfare
requirements due to long recovery times and deep seda-
tion observed.

A further step toward optimal sedation of newborn rabbits
was achieved by combining Dex with very low concentra-
tions of Iso (1% in oxygen) delivered using a facemask.

Dex is recognized to alleviate stress, induce fast relaxation,
and predispose pups to receive isoflurane (30, 31). This
approach proved safe, as revealed by monitoring of vital pa-
rameters. As expected, during anesthesia, heart rate slowed
down significantly, whereas blood oxygenation was stable
above 98%, since oxygen was supplied after scan acquisition.
Moreover, this protocol produced rapid myorelaxation and
stabilization of breathing rate, thus improving the quality of
reconstructed micro-CT scans. The generation of two dis-
tinctive datasets, corresponding to end-inspiration (P01) and
end-expiration (P02) phase, provided a fundamental tool for
extracting data crucial to fully describing lung parenchyma
changes.

Air content, FRC, and air-to-tissue ratio significantly
increased from 4 to 11 days, denoting an improved lung func-
tion, which might reflect the alveolar development, whereas
no changes weremeasured in the tissue component.

We considered the minute ventilation a dynamic and
more informative parameter, consisting in the air flowing
in the lung in a minute, since it has been reported that new-
born mammals tend to augment breathing frequency, rather
than tidal volume, to achieve higher levels of minute ventila-
tion adequate for their metabolic needs (32).

As expected, minute ventilation significantly increased at
day 11 compared with baseline, despite it resulted constant if
normalized on body weight.

Although understanding the postnatal development of the
respiratory system is beyond the scope of the present study
and further evaluations with multiple timepoints are
required, these data support an alveolar development in line
with the somatic growth of newborn rabbits, highlighting
that micro-CT imaging, following an optimal anesthesia

protocol, may provide a unique tool for longitudinal meas-
ures in the same subject.

A significant increase in RAC score was observed 11 days
after birth evidencing the development of lung parenchyma,
corroborating the significant increase measured in FRC by
micro-CT.

Furthermore, to investigate the correlation between
micro-CT functional analyses and the mechanics of respira-
tory system, lung-function testing was performed at day 11.
As shown in the Spearman matrix, among the CT parame-
ters, FRC and minute ventilation positively correlated with
IC and static or dynamic compliance by flexiVent, indicating
improved ability of the lung to stretch and expand. On the
contrary, resistance and elastance related to the respiratory
system (Rrs and Ers) and the tissue component (G andH) neg-
atively correlated with themicro-CT data.

To summarize, in this study, we set up and validated a
safe and suitable anesthesia protocol in neonatal rabbits that
can be used for different veterinary applications. In particu-
lar, preterm rabbit pups exposed to hyperoxia are becoming
a model of reference for studying one of the most relevant
neonatal diseases, bronchopulmonary dysplasia (BPD) (2, 8).
A relevant next step will be the successful application of this
anesthesia protocol to the aforementioned BPD model for
performing longitudinal studies similar to the one described
in this manuscript.

Moreover, for the first time, lung-function parameters
were derived from longitudinal micro-CT images in newborn
rabbits. We highlighted the important role of the anesthesia
for CT imaging in neonates and how these parameters can
bemeasured.

This study opens up the possibility of longitudinally
measuring lung-function development in the same sub-
ject. Since each neonate is different in terms of lung devel-
opment from other rabbit pups, the evaluation of lung
function with respect to baseline offered a unique chance
to dramatically reduce the intraexperimental variability
and the number of pups needed to produce statistically
significant results.
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