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Abstract

Introduction Lung weightis an important study endpoint to assess lung edema in porcine experiments on acute
respiratory distress syndrome and ventilatory induced lung injury. Evidence on the relationship between lung—-body
weight relationship is lacking in the literature. The aim of this work is to provide a reference equation between normal
lung and body weight in female domestic piglets.

Materials and methods 177 healthy female domestic piglets from previous studies were included in the analy-
sis. Lung weight was assessed either via a CT-scan before any experimental injury or with a scale after autopsy.

The animals were randomly divided in a training (n=141) and a validation population (n=36). The relation

between body weight and lung weight index (lung weight/body weight, g/kg) was described by an exponential
function on the training population. The equation was tested on the validation population. A Bland-Altman analysis
was performed to compare the lung weight index in the validation population and its theoretical value calculated
with the reference equation.

Results A good fit was found between the validation population and the exponential equation extracted
from the training population (RMSE=0.060). The equation to determine lung weight index from body weight was:

LungV\/eightlndex(%) = 26.26 % 107 0011BodyWeight(ka) At the Bland and Altman analyses, the mean bias
between the real and the expected lung weight index was —0.26 g/kg (95% Cl —0.96-0.43), upper LOA 3.80 g/kg
[95% Cl 2.59-5.01], lower LOA — 4.33 g/kg [95% Cl = — 5.54—(— 3.12)].

Conclusions This exponential function might be a valuable tool to assess lung edema in experiments involving

16-50 kg female domestic piglets. The error that can be made due to the 95% confidence intervals of the formula
is smaller than the one made considering the lung to body weight as a linear relationship.
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Introduction

Pigs are widely employed as experimental animals
for the study of human pathologies such as sepsis or
acute respiratory distress syndrome (ARDS), as well
as to evaluate the effect of mechanical ventilation on
the lung [1-6]. In these settings, the lung weight is an
important marker of lung edema and therefore it is
used to quantify the severity of lung injury. However,
depending on the experimental model, the weight of
the animal may range between 20 and 60 kg [1-4, 6—
9]. These wide variations in lung weight make compar-
isons among different experimental results potentially
inaccurate.

To allow more meaningful comparisons, lung weight
is commonly normalized based on the actual body
weight of the animal. Unfortunately, there are no
data on the normal relationship between animal body
weight and their lung weight, and physiological consid-
erations [10] suggest that this relationship is unlikely
to be linear, and therefore constant for the range of
body weights. Indeed, an increase in age, muscles and
body fat accumulation increases the body weight inde-
pendently from the weight of the lung [11, 12].

To minimize this biological variability, experimental
studies are usually designed to include animals with
similar body weight. However, this is not always the
case and, on several occasions, farms provide animals
with body weight outside the requested range. This
unanticipated variation can make the comparison of
lung weights and severity of lung injury inaccurate.

In humans, there are different methods to estimate
the normal lung weight, usually based on quantita-
tive computed tomography (CT) scan analysis [13].
The CT has proved to be an excellent method of lung
weight measurement also in pigs [14]. Therefore,
both CT scan and direct measurement lung weight of
healthy animals may be used to derive equations for
the normalization of lung weight to body weight.

This approach could provide robust data on the
physiological relationship between body weight and
lung weight—which is currently lacking—and pro-
vide computational methods for the interpretation of
experimental lung injury models.

Using data from several experiments involving
healthy female domestic pigs, with body weight rang-
ing from 16.5 to 52 kg (kg), [3, 15-22], the aim of this
study is to determine the lung—body weight relation-
ship in normal conditions and to provide a reference
equation for normalization of lung weight in female
domestic pigs with different body weight.
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Material and methods

Study population

All the animals included in the current analysis are
female piglets (White Landrace breed), from 12 previous
experimental studies. The inclusion of pigs of female sex
is due to the fact that it is the most commonly used ani-
mal [1-4, 6, 7, 23] mainly because of easier instrumen-
tation and urethral catheterization. We only included
healthy pigs, to investigate their lung/body weight rela-
tionship in physiological conditions.

Therefore, the lung weight was determined by CT scan,
before any experimental injury, or by direct lung weight
measurement using a scale, in pigs sacrificed immediately
before the experiment or after non-injurious mechani-
cal ventilation. Only animals confirmed to be healthy,
i.e., with non-infected lungs after autopsy, were included.
Details about inclusion process and reference studies/
lung weighing method in each study are provided in
Additional file 1: Figure S1 and in Table 1.

Lung weight assessment

Normal body weight was derived from CT scan or
directly measured after autopsy, before experimental
procedures (i.e., at baseline normal conditions), when
pigs were not subjected to experimental injury or harm-
ful mechanical ventilation.

CT-quantitative analysis

CT-scans were obtained at zero cmH,O of airway pres-
sure with standardized settings (collimation, 5 mm; inter-
val, 5 mm; bed speed, 15 mm/s; voltage, 140 kV; current,
240 mA; Lightspeed QXi, GE Healthcare, Madison, W1,
USA). Quality controls were performed every month
using standard phantoms. Each slide of the lung CT scan
was manually contoured by experienced operators, to
exclude proximal airways, large vessels and lymph-nodes,
mediastinum, muscles, bones and pleural effusion. The
image was therefore analysed with the Maluna software
(Maluna 3.15, University Hospital of Géttingen, Ger-
many). The lung weight was measured with the following
formula:

CT number

Tissue weight = |1 —
—1000

ﬂ x Voxel volume

CT number was expressed in Hounsfield units (HU).
Values of —1000, 0 and + 1000 HU were assigned to air,
lung tissue (including parenchyma, blood, and water) and
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Table 1 Original studies from which the studied population was derived
Original study Number of pigs Timing of lung weight assessment Lung
weight
method
Protti et al. [15] 29 Immediately after anesthesia induction TC
Protti et al. [16] 28 Immediately after anesthesia induction TC
Protti et al. [17] 5 Immediately after anesthesia induction TC
Protti et al.[18] 30 Immediately after anesthesia induction TC
Santini et al. [19] 10 Immediately after anesthesia induction TC
Protti et al. [20] 31 (45 animals from [15, 16]) Immediately after anesthesia induction TC
Romitti et al. [3] 8 Immediately after anesthesia induction Scale
LiBassi et al. [24] 12 After up to 72 h of protective mechanical ventilation Scale
Amaro et al. [22] 6 (2 from unpublished data) After up to 72 h of protective mechanical ventilation Scale
Motos et al,, abstract presented 10 After up to 72 h of protective mechanical ventilation Scale
at ECCMID 2023, unpublished data
Gattinoni et al, unpublished data 3, originally assigned to Romitti et al. [3] Immediately after anesthesia induction Scale
and excluded from the analysis for techni-
cal problem during animals’ preparation
Protti et al., unpublished data 5, originally assigned to Protti et al. [15] Immediately after anesthesia induction Scale

and excluded from the analysis for techni-

cal problem during animals' preparation

bone, respectively. Voxel volume was 1.8 mm?, Lung tis-
sue weight was the sum of the weight of all selected vox-
els [14, 25, 26].

Lung weight index was measured as

| ight
Lung weight index<g> _ e Welghit\g) we‘lg (g)
kg body weight (kg)

Autopsy

The autopsy was performed immediately after eutha-
nasia and the lung weight was obtained using a scale.
No exsanguination was intentionally performed before
weighting the lungs.

Statistical analysis

A regression analysis of body weight and the lung
weight index (g/kg) was performed, to determine the
best fitting model. We divided the populations in two
groups: one used for derivation of the model (80% of
the overall population) and the second to validate the
model and the prediction of the formula (20% of the
overall population). To further validate the reference
equation, we performed a cross validation analysis. To
assess the difference between the real lung weight in
pigs belonging to the validation set and the ideal lung
weight calculated with the reference equation, we per-
formed a Bland and Altman analysis.

All statistical analyses were performed with R 4.2.3 (R
Foundation for Statistical Computing, Vienna, Austria).

Results

We studied 177 healthy pigs, retrospectively collected
from 12 experimental studies. A complete flow-chart
describing the process and population zoometric data
are available in the supplementary material (Additional
file 1: Figure S1, Table S2). In Fig. 1, we report the
exponential function describing the lung weight index,
expressed in g/kg, as a function of body weight (kg).
The figure includes all animals, i.e., pigs in the train-
ing cohort (n=141, red dots), and pigs in the validation
cohort (n=36, green dots). The best fitting curve, fol-
lowing an exponential equation for the derivation pop-
ulation, was the following:

Lung Weight Index(g/kg) = 26.26 10~ 0.011xBody Weight(kg)
(1)

Exponential function explaining the relationship
between lung weight index and body weight in a popu-
lation of 141 female domestic piglets.

The correlation between the training population and
the equation was good (RMSE: 0.068, MAE =0.051).

When the equation obtained from the train-
ing population was tested against the valida-
tion population, we obtained a good correlation
(RMSE=0.070, MAE=0.057) (Fig. 1). The results of
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Fig. 1 Body weight versus lung weight index regression and exponential function fitting the training population (white points) and piglets
belonging to the validation population (black points). The exponential function is expressed by the black dashed line. 95% Cl of the function are
represented as black dotted lines. Upper 95% Cl function: Lung Weight Index=28.84 * 10 (— 0.009*Body Weight). Lower 95% Cl function: Lung Weight
Index=23.44* 10 (— 0.013*Body Weight). g grams, kg kilograms, C/ confidence intervals
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Fig. 2 Bland and Altman comparing the real lung weight index of the validation population versus the expected lung weight index calculated
with the formula. Mean bias was -0.26 g/kg (95% Cl —0.94-0.43), upper LOA=3.80 (95%Cl 2.72-4.82), lower LOA=—-4.33 (95% C| —5.54-—3.12).
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the cross-validation analysis are similar to the results
of the main analysis (see Additional file 1: Table S3 for
details).

In Additional file 1: Figure S2, we thereby performed
two additional population split (70%/30% and 90%/10%)
on the same population, to further validate the results.
In Additional file 1: Table S4, further details about the
population composition (lungs weighed using the CT
scan or the scale method) are available, together with the
equations of the three different models (70/30, 80/20 and
90/10).

As additional test for the validity of Eq. 1, in Fig. 2 we
show the Bland and Altman plot in which we compared
the actual measured lung weight index in the validation
population (n=36) against the estimated lung weight,
calculated using the Eq. 1 and the baseline body weight
of the pigs. The points had an overall good distribution,
with a mean bias of —0.26 [95% CI —0.96—-0.43], an upper
level of agreement (LOA) of 3.80 [95% CI 2.59-5.01] and
a lower LOA of —4.33 [95% CI — 5.54—(—3.12)].

Discussion

In this study, we aimed to investigate the relationship
between lung and body weight in normal female pigs
with weight ranging from 16.5 to 52 kg—a range fre-
quently used in experimental studies of acute respira-
tory distress syndrome (ARDS), and ventilator-induced
lung injury (VILI) (see Additional file 1: Table S1). We
found that the lung—body weight relationship devel-
oped in the derivation population fits a negative expo-
nential function and the resulting equation predicts the
lung weight in the validation population with a high
correlation. The 95% CI of the estimated parameters
of the exponential regression proposed in the results’
section give us the possibility to discuss the possi-
ble advantages of using normalization of the normal
expected lung weight instead of simply considering the
actual body weight of the animal.

The normalization of the lung weight on the body
weight after experimental procedures, as usually per-
formed, has an intrinsic bias due to the non-linearity of
the lung-body weight relationship. If we compare, as
an example, two animals weighting 20 and 40 kg, with
a normal lung weight of 316 and 381 g. If both animals
undergo the same damage, the result would be a dou-
bling of the lung weight to 632 and 762 g. If normalized
to the body weight, the 20 kg animal would show, after
the damage, a weight of 31.6 g/kg, versus 19.1 g/kg in the
40 kg animal. This would suggest that the damage in the
20 kg animal is 40% higher than the damage measured
in the 40 kg animal (see Additional file 1: Table S2 for
further details). In contrast, normalizing to the healthy
lung weight, the measured damage will be equal in both
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animals (i.e., double lung weight index compared to the
baseline normal conditions calculated using the Eq. 1).

This represents an ideal example, as the expected lung
weight has quite large variations based on the equation
errors. Indeed, taking into account the 95% CI of the
estimates, the highest possible error in the 20 and 40 kg
animals would, respectively, lead to a maximum under-
estimation of 16% and 22%, while the maximum possible
overestimation would be 19.5% and 29% (see Additional
file 1: Figure S3 and Table S6 for more details). Therefore,
even in the worst scenario, the normalization through
the estimated normal lung weight would lead to an error
lower (29%) than the one normally obtained using a nor-
malization through body weight (40%) (see Additional
file 1: Tables S5, S6 and Figure S3).

In addition to the variability, a second limitation of the
proposed equation is that it is strictly limited to weight
between 16 and 45/50 kg, a value in which the equa-
tion approaches a plateau. Applying to higher values of
body weight, the equation leads to a possible lung weight
underestimation. Furthermore, the equation is limited to
the female gender and to female White Landrace breed. It
must be underlined, however, that the same sex choice is
done by almost all the groups using pigs for experiments
in ARDS (See Additional file 1: Table S1).

In this study, we combined lung weights of animals
measured by CT-scan and lung weight directly measured
with scale. It has been already shown in female domestic
pigs that measuring the same lung with scale or CT-scan
leads to an almost identical lung weight [14]. A possible
discrepancy, however, occurs when the lung weight is
measured in vivo by CT-scan compared to a lung weight
measured after the autopsy due to possible blood losses.
It must be noted, however, that large blood vessels are
excluded by manual segmentation performed by expert
investigators or semi-automatic/automatic methods [27,
28], and the amount of capillary blood included in the
small arteries and capillaries should be in the order of
few milliliters (mL). Indeed, in a normal adult man with
a lung weight between 750 and 900 g, the capillary blood
content is about 80 mL, ie, 8-10% of the total lung
weight [29]. In the worst-case scenario, the difference
between lung weight measured in vivo by the CT-scan
versus the lung weight measured at the autopsy should be
in a similar range.

The animal population is composed by healthy animals
before any experimental injurious procedure. In most
of the cases (134 animals) the CT-scan data was taken
within short time (1-2 h) from the start of the experi-
ments, with animals anesthetized and mechanically ven-
tilated. We cannot however exclude that anesthesia may
have induced lung alterations. These should be repre-
sented to mild atelectasis in the dependent lung regions
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[30, 31] which should not alter the lung weight. In our
population, we also included 28 animals from studies by
Li Bassi et al. [24] and Amaro et al. [22] which under-
went longer time of ventilation. We did that as the lungs
appeared perfectly healthy at the autopsy, without any
infection or other visible lesions (see Additional file 1:
Figures S4 and S5). They adequately fit the equation, fol-
lowing the behavior of the whole study population.

Conclusion

The equation we provided, despite its limitations, may
be useful to estimate the normal expected lung weight in
healthy female domestic pigs, within the weight range of
16-50 kg.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540635-023-00591-7.

Additional file 1: Table S1. A non-exhaustive list of recent experimental
studies to evaluate lung damage inflicted by mechanical ventilation

on healthy or pathological lung of porcine models. Figure S1. Study
flow-chart. 45 animals were excluded from reference 20 because already
included in references 15 and 16 of the main text. 18 animals were
excluded from Romitti et al. [3] because their autopsy was performed
after 48 hours of intentional harmful mechanical ventilation. 10 animals
were excluded from reference 22 because they received intrabronchial
instillation of bacterial agents, as well as the 12 animals excluded from Li
Bassi et al. [24]. Table S2. Zoometric data of the 177 pigs included in the
study, divided on the method used to weigh the lung in the original stud-
ies. Table S3. Output of validity of the reference equation on the training
set, validation set and from a cross validation performed using a machine
learning approach. Legends. RMSE, Root Mean Square Error; MAE, Mean
Absolute Error; AIC, Akaike Information Criterion. Figure S2.. Three differ-
ent configurations to perform the machine learning analysis. Body weight
versus lung weight index regressions and exponential functions fitting
the training population (red points) and piglets belonging to the valida-
tion population (green points). The exponential function is expressed by
the black dashed line. 95% Cl of the function are represented as black
dotted lines. Animals in which lung weight was measured using a CT
scan are represented as triangles. Animals in which a scale was used are
represented as circles. Panel A. 70/30% split. Equation: Lung Weight Index
=26.18*10(— 0.011*bw). Panel B. 80/20% split. Equation: Lung Weight
Index = 26.26*10(— 0.011*bw). Panel C. 90/10% split. Equation: Lung
Weight Index = 26.42*10(— 0.011*bw). Legends: g, grams; kg, kilograms;
Cl, confidence intervals; bw, body weight (kg). Table S4. Animals propor-
tion based on the method used to weigh the lung in the training and
validation set in the three different configurations presented in figure

Sx. All the equations with the respective statistical outputs are shown.
Table S5. Possible systematic error when estimating the lung damage
simply looking at the lung weight index in a lung accumulating 100% of
its baseline weight due to oedema during the experimental phase. In a
20 kgs pig, the lung weight index of a lung doubling its baseline weight
would be 31,6 g/kg, whilst in a 40 kgs pig the same damage would lead
toa 19,1 g/kg lung weight index. By simply comparing the two indexes,
we obtain an error of 40 % ((31.6 - 19.1)/31.6 = 0.4). Figure S3. Prediction
of the maximum fractional error due to the 95% Cl of the estimates of
the exponential function. The red, continuous lines show the maximum
possible underestimation and overestimation of the formula (equation 1),
estimating lung weight index from body weight, in a range from 16 to

45 kgs of body weight. Legends: Cl, Confidence Interval; kg, kilograms.
Table S6. Simulation of maximal possible underestimation/overestima-
tion due to the 95% Cl of the logarithmic equation. In the real situation,
the ratio between the lung weight with 100% of lung damage and the
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expected lung weight would be 2 (624/312 or 742/371 in an animal of 20
versus 40 kgs of body weight, respectively). In situation 1 (see figure S1),
the damage would be underestimated of 16 % [((624/373) - 2)/ 2 =-0.16].
In situation 2, the damage would be overestimated of 19% [((624/261)
-2)/2=10.19]. In situation 3, the damage would be underestimated of
22% [((742/479) - 2)/2 = -0.22]. In situation 4, the damage would be
overestimated of 29% [(742/287)-2/2 = 0.29]. These errors are smaller than
the one done when simply considering the lung weight index in animals
of different body weight (see table S2). The percentages obtained from
these calculations are graphically shown in figure S2, in a range from 16
to 45 kgs. Legends: kg, kilograms; g, grams. Figure S4. Histological images
(x40 and x200 magnification) of control animals from reference 22 and

28 (Amaro et al,, Li Bassi et al.). Findings in these animals only included
mild bronchiolitis and interlobular septal oedema. The following histology
scoring was used to assess the samples: grades 0, healthy lung no pneu-
monia; grade 1, purulent mucous plugging; grade 2, bronchiolitis; grade
3, pneumonia; grade 4, confluent pneumonia; and grade 5, abscessed
pneumonia. Of note, descriptive statistics confirmed a mean + SD score
of 1.5+ 1.6, median 0.5 and IQR of 0-3 for all the animals included in the
studies. The control animals included in the study, who did not receive any
intrabronchial instillation, had a lower score when compared to the overall
population.All the animals in the control population where ventilated for
up to 72 hours with a tidal volume lower than 10 mL/kg, aiming to reach
driving pressures lower than 25 cmH20. Driving pressures attained in the
overall population are shown in figure S5. Figure S5. Driving pressures
used in the overall animal population of reference 24 (Li Bassi et al).
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