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Measurement of alveolar volume (VA) and regional ventilation
(V̇A) is crucial to understanding the pathophysiology of acute
lung injury and ventilator-induced lung injury. PET has previ-
ously been used as a noninvasive, quantitative method to as-
sess V̇A, but formal validation of this technique in experimental
lung injury is lacking. This study aims to validate VA and V̇A

regional assessment with PET, using inhaled 13N-N2 in pigs.
Methods: Two normal and 2 oleic acid–injured pigs were tra-
cheotomized, mechanically ventilated, and studied in 5 different
levels of ventilation by changing respiratory rate. In each exper-
imental condition, lungs were washed-in and then washed-out
with 13N-N2 through an open circuit in the ventilator. Using this
method, multiframe images were acquired with a dedicated PET
camera. Regions of interest (ROIs) were drawn on each lung.
Regional time–activity curves during washout were generated
for each ROI and fitted to a mono- and a bicompartmental
model. Validation of this method was performed in 2 ways. First,
regional values of predicted VA (VAemission) were compared
with regional volume obtained independently from density
analysis on a transmission scan (VAtrans). Second, regional val-
ues of predicted V̇A were summed in each animal during each
experimental condition and compared with minute-ventilation
values set on the ventilator. Results: The bicompartmental
model best fitted the experimental values in normal (94.7%
[62.2%–100.0%] (median [interquartile range]) of the ROIs) as
well as in injured animals (90.7% [81.6%–97.4%] of the ROIs)
(P � 0.49). VAemission significantly correlated with VAtrans (R2 �
0.89, P � 0.001) but exceeded VAtrans by 10%. Finally, V̇A

strongly and positively correlated with minute-ventilation in both
normal (R2 � 0.96, P � 0.001) and injured (R2 � 0.96, P � 0.001)
animals. Conclusion: Measurement of 13N-N2 washout using
PET is accurate to assess regional alveolar volume and venti-
lation during experimental acute lung injury.
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Ventilator-induced lung injury (VILI) during mechanical
ventilation of injured lungs has been clearly recognized for
many years. VILI may result from overdistension of the
most anterior lung regions (1) or from repeated small air-
ways opening and closing in the most dependent parts of the
lungs (2). Preventing VILI is a major goal when mechani-
cally ventilating patients with acute lung injury (ALI) be-
cause reduction of lung overdistension can affect patient
outcome (3). Assessment of the distribution of lung venti-
lation is therefore crucial for better use of the ventilatory
support. The field of lung imaging is expanding dramati-
cally by providing several new techniques or refinement of
older ones, such as SPECT (4), xenon-enhanced CT (5),
MRI (6), and synchrotron radiation CT (7). However, PET
is a powerful, noninvasive technique to measure tissue
concentration of physiologic tracers. PET has already been
used to study regional lung ventilation using a short-lived
positron emitter, 13N-N2 (half-life [t1/2] � 9.96 min), infused
into the blood (8–10) or injected into a closed rebreathing
circuit (11). We report a new simple quantitative method
using PET and 13N-N2 inhalation in an open circuit. We
address the theoretic background of lung ventilation mea-
surement as derived from tracer kinetics modeling during
washout and present a formal validation in vivo.

MATERIALS AND METHODS

Animal Preparation
This study was performed on 4 female pigs (mean weight � SD,

32 � 2 kg). They were premedicated with an intramuscular injec-
tion of xylazine (20 mg), ketamine (500 mg), and droperidol (10
mg), then anesthetized with 100 mg intravenous propofol, fol-
lowed by a continuous intravenous infusion of 350 mg/h. Analge-
sia was performed with continuous intravenous infusion of fenta-
nyl (0.1 mg/h). Muscle relaxation was obtained with continuous
intravenous infusion of pancuronium bromide (3 mg/h).

After tracheotomy, all pigs were mechanically ventilated in
supine position, using a volume-controlled mode with a squared
inflation flow (Cesar II ventilator; Taema): fraction of inspired
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de Réanimation Médicale et d’Assistance Respiratoire, 103 Grande Rue de la
Croix-Rousse, Lyon 69004, France.

E-mail: claude.guerin@chu-lyon.fr

REGIONAL VENTILATION AND 13N-N2 PET • Richard et al. 1375



oxygen (FIO2), 21%; tidal volume (VT), 10 mL/kg; and respiratory
rate, 20 breaths/min on zero end-expiratory pressure. FIO2 was set
to 100% at the end of animal preparation.

Experimental Protocol
Animals were randomly assigned to a control group (2 animals)

and a lung injury group (2 animals). Lung injury was performed
using 0.12 mL/kg of oleic acid (OA) injected intravenously over
20 min. If necessary, additional injections of 0.02 mL/kg OA were
repeated until a PO2/FIO2 ratio of �300 was obtained (12). To
achieve stable pulmonary injury, a 110-min period was allowed
after OA injection (13).

Animals were studied at 5 levels of minute-ventilation (expired
volume per unit time, V̇E) by changing respiratory rate. A V̇E of 2,
4, 6, 8, and 10 L/min was applied in control animals and of 4, 6,
8, 10, and 12 L/min in injured animals, on a random basis.
Therefore, investigating a large range of regional ventilation was
expected.

13N-N2 Administration
13N-N2 was continuously generated by a cyclotron using a

nitrogen gas target (14) and flushed into an infusion line at a rate
of 150 mL/min by a mass flow-meter, yielding a specific activity
of 4.2 � 0.3 MBq/mL at the entry of the ventilator (Fig. 1). A
10-mL loop of this line, inserted inside a dose calibrator, allowed
continuous monitoring of 13N-N2 input radioactivity. To guarantee
a constant concentration of tracer during the respiratory cycle,
administration of 13N-N2 into the inspiratory limb of the respira-
tory circuit was performed synchronously with the ventilator in-
spiratory valve opening, using the following procedure (Fig. 1).
Airflow analogic output was sent from the ventilator to a data
acquisition unit (MP100; Biopac Systems Inc.) connected to a
laptop computer, and sampled at 200 Hz. A digital signal was
generated (Acknowledge software; Biopac Systems Inc.) to drive

an electric valve located at the 13N-N2 infusion line. 13N-N2 was
then diverted to either inspiratory limb of the ventilator during
inspiration or to waste container during expiration.

PET Studies
PET studies were performed using an ECAT EXACT HR�

3-dimensional PET scanner (Siemens) (15). Roughly 15 cm were
scanned from lung apex to 2–3 cm below the diaphragm dome, and
the animal position within the field of view was controlled by
reconstruction of transmission scans. Transmission scans were also
performed to correct subsequent emission data for attenuation and
to assess pulmonary density and alveolar gas volume (VA).

Lungs were washed-in with 13N-N2 for 10 min, using inspiratory
synchronization, yielding to an approximate dose of 1,900 MBq
effectively delivered to the animal lungs. In preliminary experi-
ments, 10 min was found to be sufficient to obtain regional
equilibrium within the lungs in control and OA animals. At this
time, tracer concentration in the airways is constant over the
respiratory cycle. A 5-mL gas sample was drawn at the Y piece
level over 1 min using an automated withdrawal pump (Fig. 1),
and its specific activity was measured in a well counter. Counts
were corrected for physical decay to the time of sampling and
expressed as becquerels per milliliter (Bq/mL) of gas. This value
represents tracer input function into the lungs and is referred to as
CINPUT. To ensure perfect agreement between well counter and
PET measurements, a cross-calibration between the 2 devices was
realized.

Once activity reached a plateau, 13N-N2 inhalation was stopped
and PET emission images were performed serially for 4 min (Fig.
2) to obtain washout curves of tracer, as follows: 12 images of 5-s
duration each, 3 images of 20-s, and 2 images of 60-s.

Then, 370 MBq of H2
15O were injected intravenously in 60 s

and image acquisition was performed over 6 min, starting 4 min

FIGURE 1. Experimental setup to deliver 13N-N2 to lungs. CINPUT is tracer concentration measured at equilibrium at the Y piece
level.
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after tracer injection (H2
15O equilibrium scans). This was done to

better delineate the regions of interest (ROIs) in the lungs.

Image Analysis
After image reconstruction for each scan, 63 transversal planes

were obtained and summed by 3, resulting in 21 planes used for
image analysis. Planes 1 and 21 were excluded because camera
detection is not accurate in these peripheral planes. ROIs were
drawn on both lungs using transmission scans and superimposed to
H2

15O equilibrium scans (16). ROIs were subsequently refined to
include poorly ventilated lung areas that were undetected on trans-
mission scans in injured animals but much easier seen on H2

15O
images because of the high water content (17). ROIs were then
superimposed on 13N-N2 scans to obtain a measurement of pulmo-
nary radioactivity, decay corrected back to the beginning of iso-

tope washout. Finally, lung time–activity curves were generated
from the multiple-image dataset (Fig. 2).

Data Analysis
Density Analysis on Transmission Scans. Alveolar gas volume

was determined on transmission scans (VAtrans) based on the close
correlation between photon attenuation and physical density. Cal-
ibration of the PET device was performed during transmission
scans on phantoms of known density, giving a calibration factor
for converting PET attenuation into a quantitative measure of
density (18). Regional thoracic attenuation assessed on transmis-
sion scans was then converted into regional density (Fig. 3). For
each ROI, VAtrans was then determined as follows:

VAtrans � �1 � ROIdensity� � ROIvolume,

VAtrans � 0, if ROI density � 1 g/mL. Eq. 1

Tracer Kinetic Models. To describe pulmonary 13N-N2 kinetics,
a monocompartmental model and a bicompartmental model were
investigated. The former reduced 13N-N2 kinetics to a single alve-
olar compartment. The bicompartmental model attempted to ac-
count for intraregional heterogeneity in ventilation and was con-
structed by subdividing the aerated compartment into a fast and a
slow compartment working in parallel.

General Assumptions. There are 4 basic assumptions subtending
our modeling: (i) tidal ventilation can be adequately represented by
unidirectional flow with a constant alveolar volume, (ii) removal of
tracer by pulmonary blood is negligible, (iii) ventilation and alve-
olar gas volume remain constant during washout, and (iv) tracer
fully equilibrates in alveolar gas.

Monocompartmental Model. From tracer mass equation within
alveolar space, the net rate of change of tracer concentration is
written as follows:

VA
dCA�t�

dt
� V̇A � CI�t� � V̇A � CA�t� � Q̇ � CV�t� � Q̇ � CPA�t�,

Eq. 2

where VA is alveolar gas volume, CA(t) is 13N-N2 alveolar concen-
tration, CI(t) is 13N-N2 concentration in inhaled gas, V̇A is alveolar
ventilation, Q̇ is pulmonary perfusion, CV(t) is 13N-N2 concentra-

FIGURE 2. Generation of a pulmonary time–activity curve
from the multiple-image dataset during washout in 1 pig. Re-
gions of interest (ROIs) are drawn on multiple transverse slices
of the first PET image obtained during washout (0–5 s) of
13N-N2. These ROIs are then superimposed on subsequent
frames. For clarity, only one ROI and one of the multiple thoracic
slices are displayed on 5 of 37 time points.

FIGURE 3. Parametric images of thorax
density obtained in control pig (A) and in
pig with lung injury (B). Slices are displayed
according to radiologic convention. In each
pig, only 12 of 19 planes are displayed for
clarity.
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tion in pulmonary veins, and CPA(t) is 13N-N2 concentration in
pulmonary artery.

Assuming full tracer equilibration between alveolar gas and
end-capillary blood, CV(t) can be approximated by the product of
CA(t) times the nitrogen gas–water partition coefficient (�N2 water/air),
which equals to 0.019 (19). In this condition, CV(t) and CPA(t) are
assumed to be negligible (20). Moreover, if tracer regional re-
breathing is neglected during 13N-N2 washout, CI(t) is approxi-
mated to zero and Equation 2 can be rewritten as:

dCA�t�

dt
�

�V̇A

VA
� CA�t�. Eq. 3

Given that PET is unable to (a) separate radioactivity originat-
ing from the blood, lung parenchyma, or alveolar spaces and (b)
produce instantaneous measurement of tracer concentration, each
PET image represents the sum of all radioactivity events occurring
during acquisition time. Then, for each frame i collected between
ti and ti�	timg(i):

CPET�i� �

ti

ti�	timg�i� �CA�t�VA � CLP�t�VLP � CB�t�VB�dt

VROI
, Eq. 4

where i � 1, 2, 3,. . . , is total number of frames; CPET(i) is tracer
concentration in lung ROI assessed with PET in frame i; CLP(t) and
CB(t) are tracer concentration within the lung parenchyma and
blood, respectively; VLP, VB, and VROI are lung parenchyma, blood,
and ROI volume, respectively; and 	timg(i) is duration of acquisi-
tion of frame i.

As stated above, nitrogen diffusion in tissue is assumed as
negligible, then:

CPET�i� �

ti

ti�	timg�i� VA.CA�t�dt

VROI
. Eq. 5

Equations 3 and 5 are operational equations required to solve this
monocompartmental model for VA and V̇A/VA. V̇A was then com-
puted by multiplying VA by V̇A/VA.

Bicompartmental Model. Assuming 2 alveolar compartments,
tracer kinetics can be described by the following system of differ-
ential equations:

dCA1�t�

dt
�

�V̇A1

VA1
� CA1�t�,

dCA2�t�

dt
�

�V̇A2

VA2
� CA2�t�, Eq. 6

with indices 1 and 2 indicating fast and slow compartments,
respectively.

Solving Equation 6 for CA1, CA2, VA1, and VA2 gives CA1�2

(13N-N2 alveolar concentration in compartment 1�2) with:

CA1�2 �
CA1 � VA1 � CA2 � VA2

�VA1 � VA2�
. Eq. 7

Finally, inserting CA1�2 in Equation 5 gives:

CPET�i� �

ti

ti�	timg�i� �VA1 � VA2�.CA1�2�t�

VROI
. Eq. 8

Equations 6 and 8 are operational equations required to solve
this bicompartmental model for VA1, VA2, V̇A1/VA1, and V̇A2/VA2. V̇A1

and V̇A2 were then computed by multiplying VA1 by V̇A1/VA1 and
VA2 by V̇A2/VA2, respectively.

Finally, alveolar gas volume and ventilation were calculated as
follows:

VA � VA1�2 � VA1 � VA2,

V̇A � V̇A1�2 �
V̇A1 � VA1 � V̇A2 � VA2

V̇A1 � V̇A2
.

Eq. 9

Parameter Identification. Nonlinear regression was used to find
out model parameters VAemission and V̇Aemission. The Levenberg–
Marquardt algorithm was used to minimize the sum of squared
errors between model output and experimental data. Differential
equations were solved using Matlab (The Mathworks) “ode45”
solver for nonstiff differential equations, with initial value for CA

at t � 0 set to CINPUT. Numeric integration was performed using
the trapezoid method.

Model Selection. In each ROI, the best model was selected using
residual analysis as an estimate of the goodness of fit (21) and
extra sum of square analysis for nested models (22).

Statistical Analysis
Unless otherwise stated, data are presented as median and

interquartile range [IQR]. Linear regression analyses were per-
formed by the least-squares method and correlations assessed with
the Pearson correlation coefficient. Comparisons between control
and OA groups were made using the Mann–Whitney rank sum test.
Comparisons between pigs were performed using the Kruskall–
Wallis test with the Tukey test for post hoc pairwise comparisons
among subgroups. Bias (23) was compared with zero using a
1-sample t test. Statistical analysis were performed using SPSS for
Windows (SPSS Inc.), and the level of statistical significance was
set at P � 0.05.

RESULTS

PET images of a control pig and an OA-injured pig are
displayed on Figures 3 and 4. Lung density was markedly
increased in the injured pig (0.72 [0.64–0.78] g/mL) com-
pared with the control pig (0.59 [0.53–0.67] g/mL), partic-
ularly in dorsal regions where pulmonary edema is promi-
nent (Fig. 3). Similarly, on emission scans, 13N-N2 activity
in dependent regions is clearly lower in the injured pig than
in the control pig (Fig. 4).

Regional PET measurements were made in a total of 749
ROIs (38 [37–38] per experimental condition per pig) and,
hence, mathematic modeling was performed in each of the
749 time–activity curves generated by image analysis. As
shown on Figure 5A, the monocompartmental model un-
derestimated lung activity assessed with PET, especially
after the first minute of washout. This was confirmed by a
residual distribution skewed below zero (Fig. 5B). In con-
trast, the bicompartmental model adequately fitted experi-
mental data points during washout (Fig. 5C), as shown by a
random distribution of residuals around 0 (Fig. 5D). As can
be seen in Figure 5E, the superiority of the bicompartmental
model over the monocompartmental model in this particular
ROI is clearly demonstrated. Furthermore, for the whole
dataset, the extra sum of square analysis showed that the
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bicompartmental model was selected over the monocom-
partmental model in 94.7% [62.2%–100.0%] of the ROIs in
the control group and in 90.7% [81.6%–97.4%] in the OA
group (P � 0.49 between control and OA groups).

The contribution of fast and slow compartments (i.e.,
compartment with highest and lowest V̇A, respectively) dif-
fered between control and injured animals. The fast com-
partment amounted to 94.4% [93.4%–95.5%] and 95.6%
[94.3%–99.5%] of total alveolar gas volume in control pigs
1 and 2, respectively, and to 79.9% [79.6%–83.4%] and
82.7% [81.0%–83.9%] in injured pigs 1 and 2, respectively
(P � 0.003 vs. control pig 1 and 2).

The validity of the estimates of VAemission and V̇Aemission

provided by the best model fitting was tested in 2 different
ways. First, a strong linear relationship was found between
regional alveolar gas volume obtained from 13N-N2 washout
(VAemission) on one hand and from lung density analysis of the
transmission scan (VAtrans) on the other hand (Fig. 6A) in all
749 ROIs. However, estimates of VAemission were slightly but
significantly overestimated (Fig. 6B) compared with VAtrans

(mean VAemission � VAtrans � 0.96, P � 0.001 by comparison
with zero). It should be noted, however, that only 5% of the
experimental points were beyond the 95% confidence inter-
val of the limits of agreement (Fig. 6B). Second, the positive
correlations between V̇Aemission (Fig. 7A) or V̇Aemission/VAemission

(Fig. 7B) and V̇E were highly statistically significant in both
control and OA groups.

DISCUSSION

In this study, we describe a new mathematic model to
quantify regional lung ventilation during 13N-N2 washout
using PET. The main findings of this study were that (a) the
developed mathematic model provided an accurate descrip-
tion of pulmonary 13N-N2 kinetics, (b) 13N-N2 kinetics were
best described by a bicompartmental model, especially in
injured lungs, (c) PET of regional 13N-N2 washout accu-

rately measured the alveolar gas volume, and (d) estimates
of V̇A correlated well with V̇E as the independent variable.

Comparison with Alternate Methods for Quantifying
Lung Ventilation with PET

The present method presents several advantages over
previously described methods using PET. Unlike previous
studies requiring specific ventilators with closed circuits
(9,24), the present method uses an open circuit to administer
13N-N2 and then can be easily applied to any intensive care
unit ventilator. Intravenous injection of 13N-N2 is an alter-
nate method to assess alveolar ventilation with PET
(10,25,26), but it cannot be considered as an ideal method
for several reasons. First, ventilation cannot be determined
in areas with low or no perfusion (9). Although measuring
ventilation in these regions may be of little importance in
explaining arterial oxygenation, ventilation and volume as-
sessment in all lung regions are required to fully investigate
some conditions such as VILI. Second, this method requires
an apneic period of 40–60 s after tracer bolus injection,
potentially resulting in alveolar derecruitment, especially if
performed on zero end-expiratory pressure. Finally, this
prolonged apnea may be poorly tolerated in animals during
experimental lung injury and precludes application of this
technique in ALI patients.

Methodologic Issues
As a prerequisite for modeling accuracy, unbiased quan-

titation of lung radioactivity is required. With PET, and
especially in the lungs, radioactivity measurement is hin-
dered by the partial-volume effect related to ventilation-
induced thoracic movements. Respiratory gating or respira-
tory motion tracking options coupled with list-mode
acquisition of both transmission and emission data are at-
tractive methods to minimize quantitation problems but are
not available for dynamic studies with our PET camera.
Moreover, gating-related improvement in image quality is
balanced with dramatic diminution in counting statistics,

FIGURE 4. First frame of 13N-N2 washout
obtained in control pig (A) and in pig with
lung injury (B). Slices are displayed accord-
ing to radiologic convention. In each pig,
only 12 of 19 planes are displayed for
clarity.
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making this method unsuitable for dynamic studies requir-
ing high temporal sampling. We can speculate that the
partial-volume effect should primarily affect quantitation of
peripheral anterior regions that exhibit the greatest move-

ments in supine position, thus being responsible for an
increase in time–activity curve experimental “noise” and a
decrease in model parameter estimation accuracy. Addition-
ally, spillover from radioactivity originating from extrapul-

FIGURE 5. Examples of curve fitting us-
ing monocompartmental model (A) and
bicompartmental model (C) for the same
representative ROI in a control pig. E,
Time–activity curve data points obtained
with PET. Continuous lines are fitted data
using monocompartmental or bicompart-
mental model. (B) and (D) Corresponding
plots of residuals over time. (E) Extra sum
of square analysis for nested models as a
way to compare relevance of models.

FIGURE 6. (A) Relationship between re-
gional alveolar gas volume measured from
transmission (VATrans) and emission scans
(VAemission). Each symbol is the regional
value of VA in one lung ROI in a given
experimental condition in 1 animal. The to-
tal number of ROIs amounts to 749. Solid
and dashed lines are regression line and
line of identity, respectively. (B) Bland–Alt-
man representation (23) of relationship
shown in A. Solid and dashed lines repre-
sent mean and mean � SD, respectively.
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monary regions is not expected to generate much problem
of lung radioactivity quantitation in this study because
blood diffusion of 13N-N2 is assumed to be negligible.

However, accurate measurement of lung radioactivity
requires accurate ROI determination. In pulmonary PET
studies, the transmission scan is generally used to delineate
lung boundaries (16,26,27). Because pulmonary edema pre-
dominates in dependent regions during ALI, these regions
may be wrongly excluded during the ROI determination
process (Fig. 3). Using the emission scan to delineate these
regions is not an option when dealing with inhaled radio-
active tracers because low or nonventilated areas receive
little to no radioactivity and cannot be identified (Fig. 4). To
overcome this problem, H2

15O equilibrium images were
used (17) to refine ROI boundaries in dependent regions,
easily seen because of their high water content.

Assuming accurate determination of time–activity curves
with PET, the accuracy of physiologic parameters assessed
from mathematic models greatly depends on assumptions
required to build the model, and extensive discussion of
their validity is required. First, the present model assumes
negligibility of tracer removal by pulmonary blood, based
on the low value of �N2 water/air (19). This was verified by the
lack of radioactivity within ROIs drawn on cardiac regions.
Second, tracer equilibration within alveolar gas is required
to obtain valid measurement of alveolar gas volume. This
assumption was regionally verified in preliminary experi-
ments in both control and injured pigs, where regional
equilibrium during 13N-N2 inhalation was always obtained
within 4 min. Third, as in previous washout studies with
PET (20), the effect of anatomic dead-space ventilation on
the 13N-N2 mass equation in alveolar spaces was assumed to
be negligible. This simplification is expected to induce an
underestimation of V̇A, the extent of which is dependent on
the anatomic dead space of the region. This partly explains
the slope of the relationship between preset V̇E and V̇A

assessed with PET.

Model Validity
Model validity was first demonstrated by adequate fitting

of time–activity curves using the bicompartmental model,
suggesting ventilation heterogeneity within ROIs in both
normal and injured pigs. This result is not surprising, given
the relatively large size of the ROIs drawn in this study
(21.0 [12.3–31.7] mL) and that the corresponding time–
activity curves represent tracer clearance from multiple re-
gions within an isogravitational plane. Using a bicompart-
mental model is certainly an oversimplification of a system
that has spatial heterogeneity at length scale much smaller
than the spatial resolution of PET (28). However, increasing
the number of compartments of the model would not in-
crease the accuracy of regional ventilation assessment be-
cause experimental error in radioactivity measurements
precludes acquisition of noise-free curves required for mul-
ticompartmental modeling. Nevertheless, the ability of the
bicompartmental model to tightly fit experimental data
points confirms that this model is able to estimate an aver-
age regional behavior of ventilation within the ROIs. Fur-
thermore, our results are in accordance with a previous
study using dynamic CT in lung lavage-induced ALI (29).
Using biexponential fitting of the aerated lung, the fast
compartment represented 86% of the lung volume that
became aerated by increasing airway pressure from zero
end-expiratory pressure, whereas the slow compartment ac-
counted for 14% (29). These findings are additional evi-
dence for the validity of our modeling approach.

Second, regional validation of VAemission was performed
using density analysis on the transmission scan. Despite a
close correlation between both measurements, 13N-N2 kinet-
ics modeling slightly overestimates the lung volume (by
approximately 10%), as reflected by the slope of the regres-
sion line (1.1) between VAemission and VAtrans (Fig. 6A). How-
ever, this difference may be fully explained by an error in
density determination in vivo by PET. Indeed, due to the
reconstruction procedure of the transmission scan, values of

FIGURE 7. Relationships between pre-
set minute-ventilation and alveolar ventila-
tion (VAemission, A) or specific ventilation
(V̇Aemission/VAemission, B) assessed with PET in
control pigs (F) and pigs with lung injury
(E). For each pig, VAemission and V̇Aemission/
VAemission were measured regionally using
modeling in each ROI. Regional values of
VAemission were summed to obtain global
ventilation expressed as mean � SD for
each experimental group (A). Median val-

ues of regional V̇Aemission/VAemission were calculated for each animal and data were finally expressed as mean � SD for each
experimental group (B). Bars are SDs. Solid and dotted lines are regression lines for control and oleic acid groups,
respectively.
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density within regions surrounded by structures of high
density (such as thoracic wall or mediastinum) are overes-
timated. From phantom studies, this overestimation of pul-
monary density amounts to 0.026 g/mL (30). Assuming a
similar value in our study, this error explains a density
overestimation of approximately 8% and then an underes-
timation in VAtrans of similar magnitude.

Third, regional values of V̇Aemission were added up to
obtain a global estimation of V̇A with PET, which correlated
well with V̇E, despite an apparent systematic underestima-
tion as shown by regression lines slopes below 0.25 in both
normal and injured pigs (Fig. 7A). This may be explained
by 3 facts. (i) Image analysis excluded the extreme top and
bottom parts of the lungs because of the limited longitudinal
field of view (15.4 cm) of the PET camera. Thus, probably
only 80% of the lung was included in the determination of
V̇Aemission in our study. (ii) Preset V̇E includes anatomic
dead-space ventilation and, hence, overestimates global al-
veolar ventilation by approximately 30%, assuming a vol-
ume of dead space/tidal volume (VDS/VT) value of this
magnitude. (iii) 13N-N2 rebreathing has been considered as
negligible during modeling, and this simplification may
underestimate regional V̇A, depending on regional VDS/VT

variability. Interestingly, normal and injured lungs appar-
ently behaved in the same way as shown by similar regres-
sion lines (Fig. 7), suggesting no significant effect of lung
injury on regional VDS/VT and modeling validity.

Practical Implications
The present method allows a systematic description of

regional alveolar volume and ventilation, which can be
applied directly in mechanically ventilated intensive care
unit patients, provided transport to a PET facility is com-
patible with the patient’s condition. Alveolar overdistension
may be derived from the regional fraction of gas to better
understand the pathophysiologic mechanisms of VILI.
However, application in patients may be hindered by the
limited longitudinal field of view of current-generation PET
scanners, requiring at least 2 bed positions to study the
entire lung, therefore increasing both radiation burden and
costs.

The recent availability of combined PET/CT scanners has
the potential to further refine the present technique, allowing
reduced acquisition time with increased spatial resolution,
better ROI boundary delineation, and assessment of alveolar
gas volume based on a CT-derived density map. To date,
however, multiframe acquisition of tracer kinetics within
the lung with PET/CT scanners remains challenging and
would require sophisticated hardware and data-processing
algorithms to correct static CT images and respiratory-
averaged PET emission data for respiratory and cardiac
motions. Respiratory gating or respiratory motion tracking
options coupled with list-mode acquisition during attenua-
tion and emission are possible solutions to this problem but
remain to be developed for commercial PET/CT machines.

Finally, additional work in other animal models of ALI
are required before the reliability of the present method can
be verified in patients with ALI or adult respiratory distress
syndrome.

CONCLUSION

We have provided a simple and accurate method to
quantify regional lung volume and alveolar ventilation us-
ing inhaled 13N-N2 and PET. Taking into account regional
heterogeneity in alveolar ventilation, a bicompartmental
model described 13N-N2 lung kinetics better than a mono-
compartmental model. This method can now be systemati-
cally used to investigate how the distribution of lung ven-
tilation can be changed by interventions, such as positive
end-expiratory pressure, prone position, or recruitment ma-
neuvers, and how theses changes may affect VILI.

APPENDIX

CA � alveolar concentration of 13N-N2

CINPUT � inhaled tracer concentration at equilibrium
�N2 water/air � nitrogen gas–water partition coefficient

VA � alveolar gas volume
VAtrans � alveolar gas volume assessed on transmission

scans
VAemission � alveolar gas volume assessed on emission scans

V̇A � alveolar ventilation
V̇Aemission � alveolar ventilation assessed on emission scans

V̇E � minute ventilation
VT � tidal volume
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