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Abstract
Purpose: This work aims to investigate lung glucose metabolism using 2-deoxy-2-[18F]fluoro-D-
glucose ([18F]FDG) positron emission tomography (PET) imaging in acute lung injury (ALI)
patients.
Procedures: Eleven ALI patients and five healthy controls underwent a dynamic [18F]FDG PET/
X-ray computed tomography (CT) scan. The standardized uptake values (SUV) and three
different methods for the quantification of glucose metabolism (i.e., ratio, Patlak, and spectral
analysis iterative filter, SAIF) were applied both at the region and the voxel levels.
Results: SUV reported a lower correlation than the ratio with the net tracer uptake. Patlak and
SAIF analyses did not show any significant spatial or quantitative (R290.80) difference. The
additional information provided by SAIF showed that in lung inflammation, elevated tracer
uptake is coupled with abnormal tracer exchanges within and between lung tissue
compartments.
Conclusions: Full kinetic modeling provides a multi-parametric description of glucose metabo-
lism in the lungs. This allows characterizing the spatial distribution of lung inflammation as well
as returning the functional state of the tissues.

Key words: Acute lung injury, [18F]FDG, Positron emission tomography, Spectral analysis,
Parametric imaging

Introduction
Pulmonary inflammatory pathologies, such as acute lung
injury (ALI) and acute respiratory distress syndrome
(ARDS), are severe forms of respiratory failures that affect

approximately 80 per 100,000 person-years with a mortality
rate of 25–40 % [1–3]. These diseases are characterized by a
diffusive neutrophil alveolar infiltration [4], which is
associated with an increased cellular metabolism and
glucose consumption. Positron emission tomography (PET)
imaging with the glucose analog 2-deoxy-2-[18F]fluoro-D-
glucose ([18F]FDG) is widely used to assess in vivo tissue
metabolism [5]. Therefore, [18F]FDG PET imaging is a
valuable tool to study lung inflammation in vivo [6, 7]
because it allows measuring the level of inflammation and
its distribution in the tissues [8, 9].
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A single static PET image minimizes the discomfort
when scanning fragile populations, such as ALI patients [9].
However, quantification can only be performed by measur-
ing the standardized uptake value (SUV) [9]. SUV is a
simple and straightforward index of tracer uptake, but it
introduces quantification bias since it is neither directly
linked to any physiological process nor independent on
blood flow and blood-to-tissue tracer transportation [10].

By contrast, dynamic PET studies offer the possibility of full
kinetic modeling. Kinetic modeling allows a quantitative
description of tracer behavior by taking into account the blood
flow and the transportation rate constants between the blood and
the tissue [11], which is particularly important in lung studies.
For instance, the fraction of blood volume is significantly higher
in the lungs compared to other tissues [12, 13], and its exclusion
from the quantification model might bias the results when
analyzing data both at the region of interest (ROI) and the voxel
levels [14].Moreover, the increased permeability of the capillary
membrane due to ALI/ARDS may cause alveolar flooding,
infiltration by neutrophils and macrophages, and formation of
hyaline membranes. By consequence, the physiological equilib-
rium between the pulmonary interstitium and the capillary
vessels, and the resulting tracer kinetics, can be altered.
Information about capillary–tissue exchanges might be of
interest for disease characterization and classification.

Despite these potential advantages, fully quantitative
[18F]FDG PET studies for lung tissues have been limited
mostly to animal models [15–17]. These studies demonstrat-
ed that parameters derived from a dynamic scan allow more
accurate disease classification and support therapy assess-
ment [4, 17]. In humans, dynamic [18F]FDG PET studies
and a Patlak graphical analysis allowed a subclassification of
ALI patients on the basis of the characteristics of tracer
uptake in normal and pathological lung tissues [18, 19]. The
graphical Patlak analysis, both at the ROI and the voxel
levels, does not require a priori definition of any kinetic
model, but it assumes that the tracer is irreversibly trapped
into the tissue and the blood volume is negligible [19].
Because this assumption might be inappropriate for lung
tissues, a specific quantitative approach for [18F]FDG
dynamic PET studies in the human lungs is needed.

In this work, we tested several approaches, in particular
spectral-based methodologies, for the quantification of dynam-
ic [18F]FDG PET data in the human lungs. Differences in
glucose metabolism and transportation from the blood to the
alveolar space in normal and inflamed lungs were studied by
comparing healthy volunteers and ALI patients.

Materials and Methods

Subjects

Five normal subjects (68.8 kg±6.5 kg) and 11 ALI patients (75.2 kg±
10.7 kg) were recruited from the general intensive care unit (ICU) of San
Gerardo Hospital in Monza, Italy. The protocol is fully described in [18].

Before imaging, hemodynamic and ventilation variables were
measured while the patient was on volume-controlled ventilation.
Expiratory and inspiratory pauses were performed to measure the
positive end-expiratory pressure (PEEP) and the plateau pressure
(Pplat). Respiratory system compliance (Crs) was computed as
Crs=VT/(Pplat−PEEPtot), where VT is the tidal volume. An
intensive care ventilator was used for all patients. The invasive
arterial blood pressure, electrocardiogram, peripheral oxygen
saturation, and expired CO2 were monitored continuously. Venti-
lation settings, sedation, and fluid therapy were maintained constant
throughout the study unless clinically advised.

Image Acquisition

All subjects underwent a dynamic PET/CT [18F]FDG scan
performed with a GE Discovery ST equipped with an eight-slice
CT (GE Healthcare, Milwaukee, WI). The GE Discovery ST has an
axial field of view of approximately 18 cm. The spiral CT scan
acquisitions were performed while the subject was in apnea, and the
mean airway pressure was kept at the same level as during
mechanical ventilation (by switching the ventilator to constant
positive airway pressure modality). This was done to ensure the
best possible coregistration between the CT and the PET
acquisition, performed afterwards during tidal ventilation. PET
acquisition started 5 s after tracer injection (∼300 MBq of
[18F]FDG) and consisted of 12 frames of 10 s each (12×10″),
followed by 10×30″, 8×300″, and 1×600″, for a total imaging time
of 57 min.

Image Processing

Dynamic PET data were reconstructed with OSEM iterative
algorithm and corrected for decay, and scatter and random counts.
The CT images were used to manually outline ROIs comprising the
whole lungs and two subregions within the lungs, corresponding to
the normally ventilated areas (Baerated ROIs^) and hyperdense
areas (Bcollapsed ROIs^). The aerated ROIs where drawn over
voxels whose CT attenuation was comprised of between −100 and
+100 Hounsfield units and the collapsed ROIs over voxels between
−900 and −501 Hounsfield units [18].

The individual arterial input function was derived directly from
the PET images of each subject by manually drawing a ROI in the
center of the descending aorta [20]. The plasma fraction over the
blood image-derived activity was calculated assuming a constant
partition coefficient of 1.136. This number was derived by
Cobelli’s formula [21] assuming a lung hematocrit of 40 %. The
analysis was performed by expert trained clinicians.

Quantification

The [18F]FDG fractional metabolic rate Ki (ml/cm3/min) was
calculated both at the ROI and the voxel levels using four
quantification methods: the spectral analysis iterative filter (SAIF)
[22], the Patlak analysis [23], the ratio method [24], and the
standardized uptake value (SUV, g/ml) [25]. These methods are
described in detail in the supplementary materials (refer to the
Quantification Methods section). Notably, while SAIF and Patlak
require a full dynamic acquisition, only three and one static images
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are necessary for the ratio method and SUV, respectively.
However, only SAIF and Patlak allow the absolute quantification
of Ki (hereafter referred to as Ki, SAIF with Ki, Patlak), as the ratio
method and SUV provide only a semiquantitative value of tissue
tracer uptake.

Ki was chosen as the reference parameter for comparison, as it is
the only one with an explicit physiological meaning (values derived
from the ratio method and the SUV are just approximations of the
real [18F]FDG metabolic rate).

Model Development

Compared to static scans, dynamic scans analyzed with spectral-
based methods reveal additional information on the underlying
physiopathological process that influences [18F]FDG uptake. These
additional parameters might be potential biomarkers for ALI. To
achieve this goal, the number of kinetic components necessary to
describe the tracer behavior in lung tissue has to be determined.
Therefore, a full analysis with SAIF in both healthy subjects and
patients was performed. In addition to anatomical defined ROIs,
clustering analysis was performed to segment the lung in
functionally homogenous ROIs, to confirm that the findings were
not due to tissue heterogeneity or noise in the data. A k-means
clustering, based on the voxels kinetics, was performed within each
ROI (delineated from the Hounsfield units—see above) to obtain
six functionally homogeneous clusters [26].

Once the number of components necessary to describe the
system was determined, all voxels were re-analyzed with a non-
linear spectral analysis [27]. The non-linear SA is similar to the
linear SA [28, 29], but the number of components must be fixed a
priori, resulting in a more stable and robust solution to the model.
To note that for voxel-wise estimation the noise level is higher than
the ROIs’ and that might lead to a different degree of accuracy in
the quantification [30].

Parametric Imaging

The voxel-wise application of non-linear SA analysis returns
parametric maps for Ki (glucose uptake rate, ml/cm3/min), K1
(tracer transport rate from plasma to tissue, ml/cm3/min), and Vb
(vascular fraction in the observed volume, unitless). In addition, for
each of the model kinetic components, a distribution volume Vi
(ml/cm3) can be computed [11, 31]. Since normalization in a
standard reference space is not possible for lung imaging, a region-
based comparison of these maps was performed between groups.
The mean of voxel estimates within ROIs was considered for each
subject. Outliers (corresponding to negative or unreliable estimates)
were discarded from the analysis.

Results
Method Comparison

Correlation analyses were performed using healthy volun-
teers and ALI patients together, because the performance of
a given methodology is not likely to depend on the subject’s
condition.

At the region level, Ki, Patlak, ratio, and SUV signifi-
cantly correlated with Ki, SAIF (Fig. 1). As expected, the
highest correlation was between Ki, SAIF and Ki, Patlak,
because they are direct estimations of the same physiolog-
ical index. The correlation of the semi-static (ratio) method
with Ki, SAIF was less good and that of the static method
(SUV) even less (Fig. 1), which suggests that at least some
dynamic information is preferable to describe the tracer
behavior.

Similar results were found at the voxel level.
Pearson’s correlation coefficients R2 were the following:
0.80 (Ki, SAIF–Ki, Patlak), 0.60 (Ki, SAIF–ratio), and 0.37
(Ki, SAIF–SUV). Examples of parametric maps are shown
in Fig. 2.

Fig. 1 Correlation analysis of Ki, Patlak, ratio, and SUV
estimates with Ki, SAIF at the ROI level. The circles represent
the uptake estimates in normal (black) and hyperdense-
collapsed (open) ROIs for all the healthy subjects while the
triangles represent the uptake estimates in normal (black) and
hyperdense-collapsed (open) ROIs for all the ALI patients.
The dashed line represents the regression line. aKi, SAIF–Ki,

Patlak correlation; bKi, SAIF–ratio correlation; cKi, SAIF–SUV
correlation.
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Derivation of Additional Physiological and
Pathophysiological Information

All spectra found after anatomical segmentation, in both
healthy volunteers and ALI patients, displayed a trapping
component (i.e., line corresponding to β=0) and two
equilibrating components (i.e., lines corresponding to β≠0):
a slower one close to the trapping and a faster one close to
the plasma compartment (Fig. 3). These components are
likely to represent, respectively, the overall [18F]FDG kinetic
in tissue (the trapping component) and the tracer exchanges
between the plasma and the tissue and within the tissue (the
two equilibrating components).

The estimated number of spectral lines did not change
between healthy subjects and patients and between normal
and hyperdense lung regions (Fig. 3). ALI patients had,
however, a higher trapping component and the shift of the
second kinetic component towards higher β values (Fig. 3).

The results were similar when SAIF was used after
cluster-based functional segmentation at the ROI level
(Supplementary Material—Figure 1). Indeed, 93 % (in
healthy subjects) and 95 % (in ALI patients) of the clusters
showed a spectrum with two equilibrating components and a
trapping component (after anatomical segmentation, the
percentages were 90 and 100 % for healthy volunteers and
ALI patients, respectively).

These results were supported by the voxel-wise analysis,
as 49 % (in healthy subjects) and 53 % (in ALI patients) of
the voxels showed a similar spectrum, despite the higher

Fig. 2 Visual comparison of parametric maps in a representative healthy subject: a summed PET image; b CT; c SUV; d ratio;
eKi, SAIF; fKi, Patlak. Please note that, although the overall aspect of the maps is similar with the four methods, the maps obtained
with SAIF and Patlak are sharper and have better defined boundaries of the Bhot^ areas.

Fig. 3 Examples of kinetic spectra derived from SAIF
quantification of normal and hyperdense-collapsed tissue in
one representative healthy subject and one patient. Hyper-
dense tissue in the healthy control is reported for compara-
tive purposes, since it represents less than 1 % of the entire
lung tissue.
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noise level that is intrinsic to any analysis at the voxel level.
In light of these results, a two exponential model was chosen
and all subjects were re-analyzed by non-linear SA. This
allowed defining V1 and V2 as the volume of distribution of
the slowest and the fastest kinetic component, respectively.
A summary of these estimates is reported in Table 1.

Notably, despite the use of a different estimator and of
different modeling assumptions, linear and non-linear SA
returned the same Ki estimates (Supplementary Material—-
Figure 2). On the other hand, the parameter estimation using
non-linear SA yielded a considerable amount of outliers
(21–57 %). These outliers are expected because non-linear
estimators are more sensitive to noise compared to the linear
one. Indeed, the number of outliers was smaller in the
patients group, where the PET signal is stronger due to
inflammation, and hence, the noise level is lower.

Group Comparison

ALI patients generally showed higher values in all param-
eters (Ki, K1, V1, and V2) than healthy subjects (Fig. 4). In
particular, Ki was significantly different (pG0.05) between
the two groups (Fig. 4a).

Among the ALI patients, it is possible to discriminate two
subgroups based on the tracer uptake comparison between
tissue types. Compared to healthy subjects, one patient
subgroup had a high tracer uptake in both normal and
hyperdense tissues (group A—four patients) while a second
subgroup had higher values only in the hyperdense tissue
(group B—seven patients). Similar results were obtained
when the same analysis was performed with SUV or ratio
quantifications (Supplementary materials—Figure 4). A
detailed description of different estimates for each subgroup
is reported in Table 2.

This classification is consistent with patient clinical
conditions and in agreement with the findings reported by
Bellani et al. [18]. ALI patients belonging to group A had
a more severe impairment of gas exchanges and

mechanical properties of the respiratory system than those
of group B. In fact, group A patients had a lower ratio
between partial arterial pressure of oxygen and inspired
oxygen fraction (PaO2/FiO2, 125.26 vs. 190.42 mmHg,
pG0.05) despite a higher PEEP (13.0±1.1 vs. 10.3±
1.4 cmH2O, pG0.05) and a lower compliance (27.5±7.7
vs. 50.3±10.2 ml/cmH2O, pG0.01).

In addition to the tracer trapping rate, these two
subgroups could be discriminated on the basis of the
value of K1 (pG0.05). Also, in ALI subgroup B, both Ki

and K1 were significantly different between normal and
hyperdense tissues. Similarly, V1 and V2 differed between
healthy subjects and ALI patients and between normal and
hyperdense tissue, even if differences of V2 were not
statistically significant.

The pattern of spatial distribution of the parameters can
be qualitatively observed in the maps reported in Fig. 5. All
parameters were higher in patients compared to healthy
controls, except for Vb. Notably, in ALI patients, K1, V2,
and Vb had different spatial distribution maps from Ki and
V1. A quantitative evaluation of differences between
parameter estimates of patients belonging to different groups
can be seen in Fig. 6. Overall, both volumes of distributions
were higher in group A. The volume of distribution of the
slowest compartment (V1) gradually increased along with
CT density in both ALI groups. Similarly, the fastest
compartment (V2) increased with CT density in the patients
of group A, but no significant change was observed in the
patients of group B.

Discussion

Considerations on Study Findings

The primary aim of this study was to compare different
quantification approaches for dynamic [18F]FDG PET data
in human lungs and evaluate their potential for patient
clinical evaluation. Typically, in a [18F]FDG PET study,

Table 1. Non-linear spectral analysis estimates

Ki K1 Vb V1 V2 Ki K1 Vb V1 V2

Healthya (5 subjects) Hyperdense-collapsed tissue Normal tissue
Mean 0.0014 0.18 0.08 0.10 0.023 0.0017 0.21 0.12 0.15 0.030
SD 0.0003 0.11 0.04 0.03 0.010 0.0004 0.13 0.06 0.06 0.021
Min 0.0010 0.08 0.02 0.08 0.013 0.0013 0.08 0.05 0.11 0.003
Max 0.0018 0.35 0.11 0.14 0.038 0.0023 0.40 0.19 0.24 0.062
All patientsb (11 patients) Hyperdense-collapsed tissue Normal tissue
Mean 0.0082 0.17 0.04 0.16 0.027 0.0127 0.22 0.06 0.32 0.045
SD 0.0074 0.05 0.02 0.06 0.011 0.0054 0.08 0.03 0.11 0.246
Min 0.0024 0.07 0.01 0.08 0.014 0.0087 0.13 0.01 0.17 0.024
Max 0.0239 0.23 0.08 0.27 0.048 0.515 0.36 0.12 0.49 0.091

SD, min, and max refer to the standard deviation and the minimum and maximum regional estimates (as calculated from the mean voxel distribution) across
subjects
K1 transport rate from plasma to tissues (ml/cm3/min), Vb blood volume (unitless), V1 volume of distribution in the fastest compartment (ml/cm3), V2 volume
of distribution in the slowest compartment (ml/cm3)
aMeans of voxel estimates within regions computed for the healthy subject group
bMeans of voxel estimates within regions computed for all the ALI patients
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the accumulation of the tracer in the tissues (Ki) is used as
proxy of the [18F]FDG metabolism. The correlation
analysis between Ki, SAIF, Ki, Patlak, and semiquantitative
indices suggests that while the ratio method might be a
valid alternative to the full dynamic analysis, the SUV
might not be (R2Ki, SAIFvs. SUV=0.68 region-wise,
0.37 voxel-wise). This is in agreement with previous
studies showing that the ratio method better describes the
tracer kinetic than SUV [32, 33].

Despite the good correlation between Ki, SAIF and Ki,

Patlak, the full quantitative analysis obtained with SAIF
provides additional kinetic information, which would not
be otherwise available.

First, spectral-based methods, i.e., SAIF and non-linear
SA, showed that the optimal model for [18F]FDG kinetic in
lung tissue, both normal and inflamed, is described by two
exponential components and one trapping component. These
components represent, respectively, the reversible exchanges

Fig. 4 Parameter estimates and statistics obtained with non-linear SAIF in the whole dataset (five healthy controls, four ALI-A
and seven ALI-B patients). Grey bars normal tissue, white bars hyperdense-collapsed tissue. ALI patients are divided into two
subgroups according to the Ki values. For each bar, the mean and standard deviation are reported. The stars (*) indicate
statistical significance (pG0.05; t test) between hyperdense and normal tissues within a given group of subjects. a Net tracer
uptake Ki; b transport rate from plasma to tissue K1; c volume of distribution in the fastest compartment V1; d volume of
distribution in the slowest compartment V2; e Statistical significance (pG0.05; t test) between the different groups.
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and the irreversible accumulation of the tracer in the tissue.
Although SAIF cannot unequivocally attribute each compo-
nent to a specific physiological event, these results reflect
the number of compartments of the model proposed by
Schroeder and colleagues [15–17]. We, however, cannot
validate the arrangement proposed by Schroder et al. for
their model, according to which the extracellular compart-
ment is not directly connected to the plasma-cellular one
(see Figure 1a of [15]). In fact, the findings of spectral
analysis are compatible with multiple alternative models.
Only a precise understanding of alveolar–blood exchanges
would allow selecting the most appropriate model configu-
ration of [18F]FDG kinetic in the lungs.

Second, multiple parameters, other than Ki, can be
derived with spectral-based methods. These parameters
provide valuable information on glucose metabolism. For
instance, the analysis of K1 and Vb enables the character-
ization of capillary–tissue exchange integrity: K1 is linked
to the magnitude of tissue inflammation and/or capillary
breakage and Vb differentiates normal from abnormal
capillary volumes. Notably, these two parameters do not
carry the same information since their spatial distribution
can be independent (see Fig. 5 where K1 is overall uniform
while Vb shows a more heterogeneous distribution).
Similarly, the values of V2 (i.e., exchange rate between
capillary and interstitium) and V1 (i.e., exchange rate
between interstitium and tissue) reflect the physiological
conditions of the alveolar interstitium and tissue transports.
When both of them are increased, the tissue is likely to be
damaged and possibly associated with edema and/or
capillary breakage.

Our analyses allowed us to discriminate two subgroups
of patients with ALI. Interestingly, the distinction between
group A and group B reflects an actual clinical condition,
as patients in group A had a more severe impairment of
gas exchanges and mechanical properties. Albeit indirectly,
the higher V1 and V2 values in group A patients might
suggest the presence of a higher endothelial–alveolar
barrier permeability. Further studies are necessary to
confirm this hypothesis.

Considerations on Study Limitations

This study is one of the first of its kind conducted on a
human cohort. Some methodological assumptions should be
also evaluated critically.

To begin with, we assumed that [18F]FDG is irreversibly
trapped in the lungs. This choice was based on data reported
in the literature [34–36]. Our findings support this hypoth-
esis, given the strong linearity of the Patlak regression
analyses and the fact that SAIF does not converge when
applied to reversible tracers [37]. Further support is given by
the traditional spectral analysis, which does not require the
irreversibility assumption but still shows a trapping compo-
nent in all voxels of the entire dataset (data not shown).T
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Fig. 5 Parametric maps obtained with SAIF at the voxel level for two representative patients (upper panels group A patient,
lower panels group B patient). Please refer to Supplementary Material Figure 3 for maps of a healthy subject. Maps refer to a
summed PET image; b blood volume Vb; c net tracer uptake Ki; d transport rate from plasma to tissue K1; e volume of
distribution V1; f volume of distribution V2.
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In second instance, we did not perform respiratory motion
correction. This is, however, an unlikely source of bias in
our study. The presence of the two intermediate lines in the
SAIF spectrum cannot be a consequence of patient motion,
because PET data are the averaged images of multiple
respiratory cycles. Furthermore, the frequencies of these two
spectral lines differ of more than one order of magnitude,
which makes the hypothesis of an artifact unlikely. Motion
correction might, however, improve the quality of kinetic
modeling and should be performed whenever possible.

Furthermore, we used an image-derived input function,
rather than serial arterial sampling. First, given the diameter
of the first part of the aorta, no significant partial volume
effects are expected. Then, we tested our results by using a
population-based input function obtained from an indepen-
dent dataset [27], rescaled to account for the experimental
differences between the two protocols. No significant
differences were found in terms of Ki values and number
of spectral components. Please note that the clinical
conditions of the patients in this study were not compatible
with arterial cannulation.

Finally, it is important to underline that the sample size of
the dataset (5 healthy controls vs. 11 ALI patients) is a
critical factor for an ultimate clinical investigation of the
disease. Larger trials are necessary to confirm our prelimi-
nary findings, especially ALI subclassification.

Conclusion
Dynamic [18F]FDG PET imaging is a valuable tool to study
glucose metabolism in the inflamed lung. Fully kinetic
modeling with spectral-based methods provides a unique
insight into the pathophysiology of ALI, allowing a better
understating of the lung inflammation process and a more
comprehensive description of the functional state of the
tissue.

[18F]FDG kinetics in human lung tissue can be described
by an exponential model with two equilibrating components
and one trapping component. The parameters derived can be
correlated with the severity of the disease and can identify
damaged areas by evaluating tissue–capillary integrity and
tracer exchange rates.
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