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Abstract

18F_FDG-PET is increasingly used to assess pulmonary inflammatory cell activity. However,
current models of pulmonary 18F-FDG kinetics do not account for delays in 18F-FDG transport
between the plasma sampling site and the lungs. We developed a three-compartment model of 18F-
FDG kinetics that includes a delay between the right heart and the local capillary blood pool, and
used this model to estimate regional pulmonary perfusion. We acquired dynamic 18F-FDG scans
in 12 mechanically ventilated sheep divided into control and lung injury groups (n=6 each). The
model was fit to tracer kinetics in three isogravitational regions-of-interest to estimate regional
lung transport delays and regional perfusion. 13NN bolus infusion scans were acquired during a
period of apnea to measure regional perfusion using an established reference method. The delayed
input function model improved description of 18F-FDG kinetics (lower Akaike Information
Criterion) in 98% of studied regions. Local transport delays ranged from 2.0-13.6s, averaging
6.4+2.9s, and were highest in non-dependent regions. Estimates of regional perfusion derived
from model parameters were highly correlated with perfusion measurements based on 13NN-PET
(R2=0.92, p<0.001). By incorporating local vascular transports delays, this model of

pulmonary 18F-FDG kinetics allows for simultaneous assessment of regional lung perfusion,
transit times, and inflammation.
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Introduction

Positron emission tomography (PET) imaging of 2-deoxy-2-[*8F]-fluoro-D-glucose (18F-
FDG) in the lungs has been increasingly used to investigate changes in glucose metabolism
underlying various lung diseases. In the acute respiratory distress syndrome (ARDS), 18F-
FDG-PET is used to assess the metabolic activation associated with lung inflammation,
which reflects primarily the infiltration and activation of neutrophils.®: 15 18, 23,31 Severa|
analytical methods, including the Patlak analysis,2> Sokoloff model,36 and four-
compartment model,32 have been applied to quantify 18F-FDG transport and trapping within
lung tissue. Current techniques for defining the lung plasma input function that is required
for these models include manual sampling of blood in the pulmonary artery* or systemic
artery,26 and imaging of a region-of-interest characterizing the right heart blood pool with
calibration using manual samples.33

A major assumption underlying those approaches is that the plasma activity assessed at the
sampling site (e.g., the arteries or right heart) is an accurate representation of the plasma
activity within the pulmonary capillary blood pool, the site of tracer entry into the tissue.
However, the vascular transport of intravenously infused 18F-FDG gives rise to a delay
between the sampling site and the pulmonary capillary blood pool. In the lungs, transport
delays are likely heterogeneous, given the previously described heterogeneity of pulmonary
capillary transit times.*! Such transport delays have long been recognized and modeled in
other applications of PET such as myocardial perfusion imaging,16: 24 assessment of
cerebral blood flow3” and metabolism,12 45 and 1°0-water imaging of pulmonary blood
flow.29 In contrast, analyses of pulmonary 18F-FDG kinetics have not yet accounted for
delays in the plasma input function,* & 32 potentially biasing estimates of parameters
describing pulmonary 18F-FDG uptake. To date, no study has examined the magnitude of
this delay or its effect on estimates of pulmonary 18F-FDG kinetics parameters. Moreover,
the ability to assess delays in 18F-FDG transport may allow for regional quantification of
pulmonary capillary transit times and perfusion, key physiologic parameters which may be
altered in disease.3% 39

In this study, we incorporate an input function delay into the standard three-compartment
model of pulmonary 18F-FDG kinetics. This new model — hereafter referred to as the
delayed input function model — includes a delay of the plasma function to account for tracer
transport time between the right heart and the local capillary blood pool. The model is
compared with the standard three-compartment model without a delay — herein referred to as
the right heart input function model. In addition, we demonstrate a novel method to estimate
local pulmonary perfusion using the delayed input function model parameters. In two groups
of mechanically ventilated sheep with healthy or acutely injured lungs, we aimed to: (1)
examine distributions of the regional input function delay between the right heart and lung
regions-of-interest; (2) compare values of 18F-FDG kinetics parameters and measures of
model goodness-of-fit between the right heart and delayed input function models; and (3)
compare estimates of regional perfusion derived from parameters of the new model with
those of a reference 13NN-PET technique.
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Materials and Methods

Animal Preparation

The protocols of this study were approved by the Subcommittee on Research Animal Care
of the Massachusetts General Hospital. Twelve sheep (21.7+2.0 kg) were anesthetized,
intubated and mechanically ventilated. Femoral artery, internal jugular vein and pulmonary
artery catheters were inserted. Anesthesia was maintained with a continuous infusion of
ketamine and propofol titrated to heart rate and blood pressure, and intermittent boluses of
fentanyl. Paralysis was established with a bolus of pancuronium (0.1 mg/kg) at induction
and repeated every 90 min (0.02-0.04 mg/Kkg).

Study Groups

We studied two groups of 6 supine mechanically ventilated sheep. In the Control group, we
aimed to investigate normal physiological conditions; sheep were mechanically ventilated
with a volume controlled mode, with tidal volume (V) set to 8 ml/kg, positive end-
expiratory pressure (PEEP) of 0 cmH>O, inspired oxygen fraction (F|O,) initially set to 0.3
and adjusted to maintain arterial oxygen saturation >90%, inspiratory-to-expiratory ratio
I:E=1:2, and respiratory rate initially at 28 breaths/min and adjusted to maintain the arterial
carbon dioxide partial pressure (P,CO,) between 32-45 mmHg. Animals were imaged after
20 min of mechanical ventilation to ensure steady-state conditions. For the Lung Injury
group, we studied an ARDS model combining unilateral surfactant depletion8 with mild
endotoxemia® in order to produce varying degrees of regional inflammation as well as
redistribution of perfusion. In each animal, a tracheotomy was performed and a left-sided
double-lumen endobronchial tube was placed. While ventilating the right lung with FjO,=1,
left lung surfactant depletion was produced by alveolar saline lavage. Starting from the
supine position, warm saline (~400 ml) was instilled in the left bronchus at a pressure of
~30 cmH,0 and then drained by gravity. After three aliquots, animals were switched to the
prone position for another three aliquots to homogenize lavage of ventral and dorsal lung.
The double-lumen endobronchial tube was then replaced by a regular endotracheal tube and
ventilation of both lungs was performed for 4 h with PEEP=10 cmH,0, F|0,=0.6, V1
adjusted to a plateau pressure of 30 cmH,0 (V1=13.4+3.5 ml/kg), I:E=1:2, and respiratory
rate adjusted to normocapnia. During this ventilation period, sheep received a continuous
intravenous infusion of endotoxin (10 ng-kg™t-min-1, Escherichia coli O55:B5, List
Biological Laboratories Inc, California).

PET Imaging Protocols

For all PET scans, sheep were positioned supine in the camera (Scanditronix PC4096, GE
Healthcare, Milwaukee, WI) with the most caudal slice adjacent to the diaphragm dome.
The camera collected 15 transverse slices of 6.5 mm thickness over a 9.7-cm-long axial
field. The following PET scans were acquired after 20 minutes of mechanical ventilation in
the Control group or after 4 h ventilation in the Lung Injury group.

1. Transmission scans: obtained during 10 minutes of continuous breathing using a
rotating pin-source of 88Ge to correct PET emission scans for tissue attenuation and
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to measure lung density.28 These scans were processed as previously described to
construct images of average fractional gas content (Fgag).1*

2. 13NN bolus infusion emission scans: obtained as previously described to measure
regional perfusion.38: 43 Images consisted of 22 frames (8x2.5 s, 10x10 s, and 4x30
s). In brief, simultaneous with the start of imaging, a bolus of 13NN (~1000 MBq)
dissolved in 40 mL saline was injected into the jugular vein at the beginning of 60 s
of apnea. Due to its low solubility in water (partition coefficient water/air = 0.018
at 37°C), virtually all 13NN in the blood diffuses into alveoli at first pass in aerated
lung units, and 13NN activity accumulates in proportion to regional blood flow.
After 60 s, mechanical ventilation was resumed to remove 13NN from the lungs
over 10 minutes of washout.

3. 18F-FDG emission scans: acquired immediately subsequent to 13NN washout. 18F-
FDG (~200 MBq dissolved in 8 mL saline) was infused at a constant rate over 60 s
through the jugular catheter. Simultaneous with the start of infusion, a dynamic
PET scan was started, consisting of 37 sequential frames (9%10 s, 4x15 s, 1x30 s,
7x60 s, 15x120 s, 1x300 s) over 45 minutes. Pulmonary arterial blood was sampled
at5.5, 9.5, 25, 37, and 42.5 minutes, and plasma 18F-FDG concentration was
measured in a well-counter cross-calibrated with the PET camera.33

PET images were reconstructed with voxel size of 2x2x6.5 mm using a convolution
backprojection algorithm. Images were decay corrected to the beginning of tracer infusion
and filtered in-plane with a circular moving average filter of diameter 12 mm and along the
z-axis with a 2-point moving average filter. Each frame consisted of a 128x128x14 matrix
with an effective volumetric resolution of 1.66 cm?3.

Definition of Lung Fields for Analysis

Volumetric masks of the imaged lung field were delineated by: (1) including all voxels with
Feas>0.5; (2) adding perfused but poorly aerated lung regions viewed in the 13NN infusion
scan; and (3) manually refining masks to exclude the trachea, two main bronchi, and major
blood vessels. Regions of interest (ROIs) were defined by dividing the lung field along the
gravitational (i.e., ventral-dorsal) axis into three regions of equal height.

Delayed Input Function Model of Pulmonary 18F-FDG Kinetics

In previous applications where the three-compartment model was used to describe
pulmonary 18F-FDG kinetics, the activity in the plasma compartment of the lungs was
assumed to be equal to that at the blood sampling site.# 26 33 We developed a modified
version of this model (i.e., the delayed input function model; Fig. 1) wherein the local lung
plasma concentration (Cplt]) is represented by a delayed version of the image-derived
plasma function measured in the right heart (Crpy[t-tgelay]) and calibrated with manual
samples, as previously described.33 For a given value of tdelay: CrH[!-tdelay] Was computed
by linear interpolation between measured points. This delay represents the time required for
the tracer to travel from the right heart to a lung ROI, and is a function of the regional
vascular volume between the right heart and the pulmonary capillaries, as well as the
corresponding blood flow. Thus, we allowed this parameter to vary regionally within the
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lungs, and in each ROI, tgelay, K1, k2, k3, and Fg were simultaneously estimated by fitting the
model to the regional 8F-FDG kinetics using an iterative optimization technique.” In order
to compare parameter estimates between the models with and without the delay, we also fit
each ROI's tracer kinetics with the conventional three-compartment model (i.e., the right
heart input function model), which assumes the regional lung plasma input function to be
equal to the right heart plasma function (Cp[t] = Cru[t], tgelay = 0)-

Estimation of Regional Perfusion from 18F-FDG Kinetics Parameters

In order to estimate regional perfusion from the parameters of the delayed input function
model, we devised a multi-compartment model to describe tracer transport times between
the right heart and distinct lung regions (Fig. 2). According to this model, the total delay
between the right heart and a given lung ROI i (tgelay,i) represents the sum of a common
pulmonary artery delay (tpa) and a local delay specific to ROl i (tro j). The pulmonary
artery and each ROI's blood pool were modeled as compartments whose transit dynamics
were assumed to be described by the central volume principle, which states that the mean
transit time (tt_ransit) equals the ratio of blood volume (Vg) to blood flow (Qj.

— Vg
Stransit=— ()

Q

In order to estimate the delay specific to a given ROI, we first calculated the common
pulmonary artery delay tpa using Equation 1 and subtracted it from the total regional delay.
The perfusion of the pulmonary artery was assumed to be equal to the measured cardiac
output (CO), and its blood volume (Vpa) was estimated from animal mass using
morphometric data on mammalian vascular dimensions in the literature.3% Thus,

v
fea =gy @

For each ROI i, tpa Was subtracted from the total delay measured from local 18F-FDG

kinetics (tgelay,i) to obtain the ROI-specific delay (tro,i):

trori=tdelay,i — tpy ®3)

Rearranging Equation 1, the perfusion of ROl i (Qéo“) can be computed from the ROI's
delay (troy ) and its blood volume (Vg j):

) Vi
Quori =7 @

ROT,i

By substituting Vg j = Fg i - VRrol,i» Where Fg j is the fractional blood volume of ROl i
(estimated from tracer Kinetics) and Vrg) j is the total volume of ROI i, we obtain specific
perfusion, an index of perfusion per unit volume:
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Thus, regional specific perfusion was calculated in each ROI as the ratio of Fg to tgpy. In
each animal, values of specific perfusion were mean normalized, providing measurements of
relative regional perfusion derived with the delayed input function model (Qpp).

Measurement of Regional Perfusion from 13NN Kinetics

In order to compare our estimates of Q5|F with those of a reference method, regional
perfusion was also estimated in each ROI from the kinetics of infused 13NN. During the
apnea period of imaging, 13NN accumulates in aerated regions but passes through non-
aerated alveoli. Thus, peak 13NN activity may be used as a measure of the relative perfusion
to a lung region.11: 38 Measurements of peak regional 13NN concentration were mean
normalized in each animal to obtain 13NN-based measurements of relative perfusion

(QreF)-

Statistical Analysis

Results

Data are presented as mean + standard deviation unless otherwise noted. Physiological
variables were compared between groups using a Student's t test for normally distributed
data or a Wilcoxon signed rank test otherwise. Delay estimates were compared using a two-
way ANOVA with group and region-of-interest as independent variables and Tukey-Kramer
correction for multiple comparisons. Linear correlations were quantified with the Pearson
coefficient. Model goodness-of-fit for the delayed input function and right heart input
function models was quantified with the Akaike Information Criterion (AIC), which
provides a measure of the balance between accurate description of data and minimization of
the number of model parameters.1: 19:32 AIC values for the two models were compared
using a Student's t test. Parameter estimates for the two models were compared by
examining the percent differences between delayed input function model parameter
estimates (Pp;g) and those of the right heart input function model (Prpg), Where P denotes a
given 18F-FDG kinetics parameter, using the equation:

P, . —P_ .
Yodifference=—LHE—LIE . 100% ()

DIF

All statistical analyses were performed with Matlab (MATLAB R2012a Statistics Toolbox,
The Mathworks, Natick, MA). Significance was set at p<0.05.

Physiology and Animal Model

As per design, the Control group was ventilated with significantly lower tidal volumes,
PEEP, and F|0,, and higher respiratory rates than the Lung Injury group (Table 1). The
Lung Injury group showed oxygenation within the range defined for ARDS

Ann Biomed Eng. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wellman et al. Page 7

(P405/Fj02<200), while the Control group tended to have higher oxygenation. Cardiac
output was significantly higher in the Control group.

Estimates of Regional Delay in 18F-FDG Kinetics

Comparison of the early (0-2 minute) right heart tracer kinetics with pulmonary kinetics in
distinct isogravitational ROIs (Fig. 3) revealed clear temporal differences between tracer
arrival in the right heart and subsequent arrival in the lung. By accounting for this delay at
the regional level, the delayed input function model allowed for improved description of the
early kinetics, with the predicted local tracer arrival in the plasma coinciding much more
closely with the initial increase in tracer activity observed in the lung ROIs (Fig. 3c-d).

Delays between the right heart and the lung ROIs estimated with the delayed input function
model (tgelay) ranged from 2.0-13.6 s, averaging 6.4+2.9 s. The component of this delay
attributed to the pulmonary artery transit time (tpa) averaged 0.90+0.22 s for all animals
studied, and was slightly higher (p=0.049) in the Lung Injury group (0.97+0.27 s) than in the
Control group (0.82+0.15 s), likely due to hemodynamic differences between the groups
(see Table 1). After subtracting the pulmonary artery component from the total delays, we
found ROI-specific delays (troy) ranging from 1.2-12.8 s for all ROIs studied, with an
average of 5.5+£2.9 s. These delays showed a significant dependence (p<0.001) on ROI
gravitational position (Fig. 4), with non-dependent regions having higher delays than middle
or dependent regions in all three studied lung conditions. There were no significant
differences in tro) between the control (4.8+2.4 s), LPS (5.6+3.3 s), or Lavage + LPS
(6.1+2.9 s) conditions.

Model Goodness-of-Fit

The delayed input function model yielded lower AIC values than the right heart input
function model (p<0.001) in 98.1% (53 out of 54) of the studied ROIs (Fig. 5a). The
difference in AIC between the models (AICruir — AlCpF) was positively correlated (r =
0.44, p<0.001) with the magnitude of the estimated delay (Fig. 5b). These findings imply a
substantial improvement in description of the data by including tgejay as a model parameter,
particularly in regions where a large delay was observed.

Differences in 18F-FDG Kinetics Parameters between Models

Parameters describing the transport and trapping of 18F-FDG in the lung demonstrated
significant differences between the delayed input function model and the right heart input
function model (Fig. 6). Linear regressions between parameters of the two models revealed
significant deviations from the line of identity, particularly for parameters k1, ko, and Fg,
implying systematic differences in parameter estimates between the models (see Table S1,
Online Resource 1 for details). This was confirmed by the percent differences in right heart
input function model parameter estimates relative to those of the delayed input function
model, which were dependent on the parameter and specific lung condition (Table 2). The
right heart input function model yielded substantially higher estimates of parameters k; and
ko relative to the delayed input function model, which resulted in slightly higher values of F,
and K; in most conditions (Table 2). The right heart input function model also yielded lower
estimates of 18F-FDG phosphorylation rate ks in the Control group and higher estimates of
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ks in both Lung Injury conditions, while fractional blood volume Fg was lower in all
conditions with this model. The parameters ki, ky, and Fg, which are particularly relevant to
the description of the early (<5 min) 18F-FDG kinetics, showed the largest discrepancies
between the models, whereas k3, Fe, and K;, which determine mainly the later (>5 min) 18F-
FDG Kinetics, showed smaller differences between models.

Blood Flow Parameters Derived from 18F-FDG Kinetics

Measurements of relative regional perfusion derived from parameter estimates of the
delayed input function model were strongly correlated with measurements of perfusion
obtained from 13NN imaging (Fig. 7a). The best-fit lines relating the two sets of perfusion
estimates had slopes that were not significantly different from 1, and intercepts not different
from 0, in all three studied conditions. Both techniques detected a significant dependence of
perfusion on ROI gravitational position (p<0.001), with highest perfusion in dependent
regions according to both techniques. Considering the 13NN perfusion estimates as a
reference, there was no systematic relation between error in Qb.F and perfusion magnitude
in any group (see Fig. S1, Online Resource 2).

Regional estimates of mean-normalized fractional blood volume as well as the transport
delay were also associated with the reference perfusion measurements (Fig. 7b,c).
Interestingly, while blood volume showed a strong linear association with perfusion, the
intercept of this relation was significantly greater than 0, implying the presence of a positive
lung blood volume in the absence of flow (Fig. 7b). The slopes of the Fg vs. QﬁEF
regression lines were smaller than 1 in all conditions. In addition, we found significant
associations between the inverse of the local delays (tro;™) and QéEF, as would be expected
from Equation 4.

When smaller regions were studied by dividing the lungs along the gravitational axis into a
greater number of ROIs, the correlation coefficient between perfusion estimates of the two
techniques decreased for all three studied lung conditions (see Fig. S2, Online Resource 2).
Thus, for smaller ROIs, perfusion estimates obtained with the delayed input function model
showed a weaker but still acceptable agreement with the reference method, implying a slight
reduction in perfusion measurement accuracy with decreasing ROI size. The smallest ROI
size studied was close to 50 mL, below which regional 18F-FDG kinetics became noisier and
the model did not reliably converge.

Discussion

In this study, we propose an approach for modeling pulmonary 18F-FDG kinetics that
includes an input function delay to account for tracer transport between the site of plasma
function measurement (i.e., the right heart) and the plasma pool of the model ROI (i.e., the
regional pulmonary capillary blood pool). By applying this technique in sheep models of
healthy and injured lung conditions, we found that: (1) the delayed input function model
provided significant improvements in description of 18F-FDG kinetics, with lower AIC
values justifying the increased model complexity in 98% of studied regions; (2) vascular
transport delays between the right heart and the lung range from 2.0-13.6 s and average 6.4
s, with highest values in gravitationally non-dependent regions; (3) 18F-FDG kinetics
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parameters K1, ko, and Fg, which derive mainly from the early phase of kinetics, were
different between the two models in all conditions studied; and (4) parameters derived with
the delayed input function model provided measurements of relative regional perfusion that
were highly correlated with those of an established 13NN perfusion imaging technique.

The calibration of image-derived input functions to account for temporal delays and
dispersion is a topic that has received considerable attention in PET imaging of myocardial
perfusion®: 24 and cerebral perfusion3’ and metabolism.12: 45 However, applications in
pulmonary imaging have been limited to 1°0-H,0-PET of pulmonary perfusion, and input
function delays have not been considered in pulmonary 18F-FDG-PET studies.% 23. 3234 |n
this study, we demonstrate clear differences in tracer arrival time between the right heart and
the lungs following the start of 18F-FDG infusion, which emphasize the need for an input
function delay in modeling pulmonary 18F-FDG kinetics. Thus, we modified the three-
compartment model to include a unique input function delay in each lung region.

Lung-specific delays estimated with our model are closely related to pulmonary capillary
transit times. In gravitationally distinct regions, we found lung-specific delays ranging from
1.2-12.8 seconds, with longest delays in non-dependent regions. Interestingly, Wagner et al.
found a similar range of vertically dependent pulmonary capillary transit times in dogs of
similar weight to our studied sheep, averaging 12.3 s in non-dependent regions and 1.6 s in
dependent regions.*! In rats, capillary transit times showed a comparable range between 1.3
and 12.3 s, and were also dependent on blood flow.2” These consistent magnitudes, vertical
trends, and flow dependence of pulmonary transit times between those studies and our data
support the use of the delayed input function model to estimate regional pulmonary vascular
transit times.

We chose to use the Akaike Information Criterion to compare the two models of 18F-FDG
kinetics. This statistical criterion is based on the concept of minimizing both the average
error between model prediction and data as well as the number of model parameters.L: 19
Thus, the delayed input function model received a penalty for its additional parameter, tgejay-
In spite of this, we found lower AIC values in 53 out of 54 ROISs, suggesting that including
the delay as a model parameter results in an overall improvement of model quality that
justifies the additional parameter. Also, the positive relationship between the difference in
AIC between models and the magnitude of the local lung delay suggests that errors in the
prediction of early 18F-FDG kinetics by the right heart input function model were dependent
on the size of the delay itself. This finding is consistent with theoretical expectations, as the
early kinetics of a region with a large delay would be poorly described by the plasma
function of the right heart, since the tracer would arrive much earlier in the right heart than
in the microcirculation of the lung. In such conditions, allowing a shift of the right heart
plasma function in time should significantly improve the model description of local kinetics,
a presumption directly supported by our data.

We found important differences between 18F-FDG kinetics parameters estimated with the
delayed input function and right heart input function models. The right heart input function
model yielded significantly lower estimates of Fg and higher estimates of k; and ky. These
parameters describe the blood pool size and the transfer of tracer between plasma and tissue,
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and are associated with the description of the early stages of 18F-FDG kinetics. We did not
find major differences between the models for K;, Fe, and k3, consistent with previous
evidence that K; measurements in the brain are relatively insensitive to the input function.12
While we were not able to compare parameter estimates of each model to a gold-standard
method, the improved accuracy of the delayed input function model estimates of ky, k, and
Fg is supported by two key findings: (1) improved description of 18F-FDG kinetics with this
model (as indicated by lower AIC values); and (2) accuracy of perfusion estimates, which
were computed from the Fg and tgejay parameters of the model. Because the right heart input
function model does not provide estimates of tgejay (i-€., it is assumed to be 0), it is not
possible to derive perfusion estimates with this model for comparison, as the denominator of
Equation 5 would equal zero.

These observed differences in kinetic parameter estimates may have implications for the
interpretation of 18F-FDG-PET studies. For example, the parameter blood volume (Fg), for
which we found a small but systematic underestimation when the input function delay was
ignored, was recently proposed by Pouzot et al. as a useful surrogate for regional
perfusion.26 However, because their method only estimates relative and not absolute
perfusion, and the Fg values between the models were highly correlated (r=0.99), the
incorporation of the input function delay in their approach may not afford any improvement
in precision. Importantly, we found no major differences between models in the parameters
Kij, Fe, and ks, which have been used in several studies to assess regional inflammatory cell
activity.57: 15, 18, 34, 44 Gijyen the recent evidence of the relevance of K;, Fe, and k3 to
investigate the early stages of lung injury,’- 8 44 this finding indicates that use of a three-
compartment model without the input function delay is acceptable if these are the primary
parameters of interest. However, future studies interested in measurements of ky, ky, or Fg
should consider using the delayed input function model to improve parameter accuracy.

Our measurements of relative perfusion derived with the delayed input function model
showed strong linear associations with measurements of perfusion based on the 13NN-saline
technique, an established method validated against gas exchange

measurements,20: 22: 34, 38,39 The robust agreement between these techniques was supported
by several findings, including (1) best-fit lines comparing the two techniques not different
from the line of identity; (2) no relationship between measurement differences and perfusion
magnitude; and (3) reasonable limits of agreement (see Fig. S1, Online Resource 2). We also
found that the agreement between the two techniques decreased when ROI size was reduced
(see Fig. S2, Online Resource 2). Presumably, this finding was related to decreased signal-
to-noise ratios in smaller ROIs, such that parameter accuracy was reduced in smaller ROIs, a
trend previously described for PET-based measurements.*2

The relation between blood volume and perfusion measurements revealed a strong linear
association with positive intercepts and slopes less than 1 in all conditions. The finding of a
positive intercept is consistent with the concept of mean circulatory filling pressure,13 in
which a positive pressure and blood volume are observed in the circulation following
interruption of the cardiac output. Fuld et al. also observed the presence of a positive
intercept of blood volume for zero flow using CT-based measurements of pulmonary blood
flow and blood volume.10 In contrast, Pouzot et al. found a negligible intercept when
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comparing 18F-FDG derived blood volume with 150-H,0 perfusion,28 which is inconsistent
with that physiological principle of mean circulatory filling pressure. This discrepancy could
be related to the underestimation of blood volume by Pouzot et al. in consequence of their
non-consideration of the delay, as shown in the current work, and supports the relevance of
considering a delay for improved physiological description. Contrary to the suggestion of
Pouzot et al. that pulmonary transit times are homogeneous throughout the lungs, 26 regional
pulmonary vascular delays in our study were highly heterogeneous, in agreement with
numerous previous studies on the distributions of pulmonary capillary transit

times.3: 27.40. 41 Qverall, these findings suggest that while blood volume may be correlated
with perfusion in most lung conditions, more accurate quantification of perfusion can be
achieved by additionally accounting for regional transit times, according to Equation 4.

Parameters provided by the delayed input function model may be useful for new clinical
applications of pulmonary 18F-FDG-PET. The ability to simultaneously obtain
measurements of regional lung perfusion and metabolism with a single PET scan may
facilitate future investigations of acute lung injury, wherein both perfusion and metabolism
may show important and related changes.® Additionally, the technique may be useful for
applications in oncology. For example, Miles et al. showed that the relationships between
tumor blood flow and metabolism in non-small cell lung cancer depend on tumor size and
stage.? Also, Bernstine et al. recently showed that time-to-peak measurements derived from
early 18F-FDG kinetics are better than standardized uptake value for discriminating
hepatocellular carcinomas from background liver tissue.2 Thus, simultaneous measurement
of regional lung perfusion, delay times, and metabolism could be used for the grading of
lung cancers based on tumor functional properties.

Some limitations of the delayed input function model are worth noting. First, the model
requires an estimate of the cardiac output, which may not be available in all clinical or
research applications. Nonetheless, cardiac output may be estimated from body surface area
with reasonable accuracy,® and errors in cardiac output do not have a substantial effect on
delay estimates (see Online Resource 3). Another limitation is that inclusion of the
additional parameter tge|ay adds uncertainty to parameter estimates. Below ROl sizes of
about 50 ml, corresponding to 12 ROIs in each animal, we were not able to reliably achieve
model convergence in all ROIs, with some returning non-physiologic parameter values.
Thus, the resolution of regions that can be studied with the model is limited by the noise
present in 18F-FDG kinetics. It is possible that improved signal-to-noise ratio with newer
PET scanners, motion correction, or higher 18F-FDG doses would allow for smaller ROIs to
be studied. The uncertainty associated with an additional parameter may also preclude the
application of more complex compartmental models, such as the four-compartment model,32
since increasing numbers of parameters can have an undesirable effect on model
convergence and parameter accuracy. Extension of the input function delay to other
compartmental models will require further study and validation.

Our experimental approach could be improved by optimizing the 18F-FDG infusion and
imaging protocol to better capture early 18F-FDG kinetics. Because our early PET frames
were 10 s each, we relied on linear interpolation between the frames to estimate the delay
with sub-second resolution. The accuracy of delay estimates could potentially be improved
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by using PET frames on the order of 2.5 s during the first minutes of imaging when the 18F-
FDG arrives in the right heart and lungs, limiting the effect of errors due to interpolation.
Nonetheless, the favorable comparison of lung-specific delays with previously published
pulmonary capillary transit times,*! together with the accuracy of perfusion measurements
based on estimated delays, suggest that interpolation errors were likely negligible in this
study. Additionally, use of a bolus infusion may provide a better signal from which to
estimate the difference in tracer arrival between the right heart and the lungs. We used a
moderate rate of tracer infusion (approximately 1.3 ml/s), as this was the fastest pump
setting available.

In conclusion, we have developed a new model of pulmonary 18F-FDG kinetics which
accounts for delays in tracer arrival in the lungs relative to the site of plasma activity
measurement. The model provides estimates of vascular transport delays between the right
heart and distinct lung regions, and allows for significant improvements in prediction of 18F-
FDG kinetics and in parameter estimation, justifying the use of the model over simpler
models. Additionally, measurements of perfusion derived from the model parameters are
highly accurate based on comparisons with an established 13NN-saline PET technique. The
proposed method can be applied during routine clinical imaging by acquiring dynamic PET
images and fitting the model to the imaged 18F-FDG kinetics in order to obtain simultaneous
measurements of pulmonary transit times, perfusion, and inflammation with a single
protocol.
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Fig. 1.

Tr?e delayed input function model used to describe regional lung 18F-FDG kinetics. Rate
constants k; and ks describe the transfer of 18F-FDG between blood in the pulmonary
capillary blood pool, whose activity is represented by a time delay of the right heart plasma
concentration (Crp[t-tgelay]), and the extravascular substrate compartment (Cs[t]). The
parameter tgejay, Which is unique to this model, represents the time required for 18F_FDG to
travel from the right heart to the local pulmonary capillary blood pool, while k3 describes
the rate of transfer into the metabolized compartment (C,[t]), representing intracellular
phosphorylation of 18F-FDG. The fractional blood volume (Fg, not shown) is an additional
model parameter
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Fig. 2.

Sc%ematic of time delays in 18F-FDG transport between the right heart and the local lung
microcirculation (i.e., capillary blood pool). 18F-FDG activity vs. time in the right heart,
CrH(t), is measured using dynamic imaging of a region-of-interest (ROI) drawn over the
right heart.33 We included a common delay in 18F-FDG transport associated with transit
through the pulmonary artery (tpa), as well as local delays specific to each ROl i (troy i), the
sum of which determined the total local delay i (tgelay,i = tpa + troi,i)- FOr €ach ROI, tyejay i
was estimated from local 18F-FDG kinetics with the delayed input function model (Fig. 1)
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Fig. 3.

(a) Representative image of regional gas fraction in the lung, with non-dependent (ND),
middle (M), and dependent (D) regions-of-interest shown within the imaged lung field
(outlined in green). (b) 18F-FDG activity within the first minute of tracer infusion: 18F-FDG
is clearly visible within the right heart (RH, outlined in blue) but not yet distinguishable in
the lung. (c,d) The delay required for tracer transport from the right heart to the lungs was
evident in the early (<2 min) tracer kinetics, as the activity in the right heart (blue dashed
lines) began to rise earlier than the activity in non-dependent (c) or dependent (d) lung
regions (green lines). By accounting for tracer transport delays through inclusion of a delay
of the right heart plasma function as a model parameter (tgeay), the delayed plasma function
in the ROIs (red lines) coincided much more closely with the initial rise in activity of those
regions
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Di%tributions of ROI-specific delays derived with the delayed input function model. ROI
delays (tro) were computed by subtracting the pulmonary artery delay (tpa) from the total
delay estimated from regional 18F-FDG kinetics (tgelay), according to Equation 3. A
significant dependence of trg; on gravitational position was found (p<0.001), with the non-
dependent (ND) regions showing higher delays than the middle (M) or dependent (D)
regions in post-hoc tests. No significant differences were found between the Control, LPS,
or Lavage + LPS conditions. *p<0.05, **p<0.01, ***p<0.001
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(a) Comparison of the Akaike Information Criterion (AIC) for the delayed input function
(AICp)e) and right heart input function (AICrn ) models. Lower AIC values imply better
description of the data for the number of model parameters. AICpr was lower than AICRHF
(i.e., below the identity line) in 53 of 54 studied regions-of-interest. (b) Model improvement
with the delayed input function, defined as the difference in AIC between the two models,
was significantly correlated with the magnitude of ROI delays (trop)

Ann Biomed Eng. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wellman et al.

Delayed Input Function Model

0.2

0.1

0.3

0.2

0.1

Page 21

K, (min™) 1 k, (min"") 0.1 Kk, (min™")
y=0.65x+0.01 y=0.71x+0.01 o y=0.95x + 0.00
r=093 o r=095 [a) r=0.97
o 0~ ©
0.5 gmdvo o  0.05
o (52}
& ! 4
g :
A
0 0
0.1 0.2 0 0.5 1 0 0.05 0.1
o 1
L 0.6 Fe 0.02 K (min™)
X
y=1.12x +0.01 y = 1.04x - 0.01 y=0.97x +0.00
r=0.99 Q 0.4 r=0.99 r=1.00
A
8 0.01
(@]
0.2 © Control
4 LPS
A Lavage + LPS
0 0
0.1 0.2 0.3 0 0.2 04 06 0 0.01 0.02

Fig. 6.

Right Heart Input Function Model

Comparison of 18F-FDG kinetics parameters estimated with the delayed input function and
right heart input function models. Substantial differences between the models were observed
for the parameters ki, ko, and Fg, which are primarily determined by the early phase of 18F-
FDG kinetics. The 18F-FDG net uptake rate K;, phosphorylation rate ks, and volume of
distribution F,, were quite similar between the models, as data fell close to the line of

identity
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Fig. 7.

(a) Regional perfusion estimated using the delayed input function model parameters (Q|5|F)
compared with the 13NN-saline reference method (QF'QEF). Data within each animal were
mean-normalized, and are shown with distinct symbols. In all three groups, we found strong
correlations between the two measurements, with regression lines not significantly different
from the line of identity either in terms of slope or intercept. According to both techniques,
perfusion was dependent on ROI gravitational position (p<0.001), with non-dependent
regions (empty symbols) showing lower perfusion than middle (gray) or dependent regions
(black). (b) Mean-normalized fractional blood volume (Fg) was also correlated with QF'QEF,
though the regression lines differed from the line of identity in terms of both slope and
intercept for all three conditions. Of note, the positive intercepts in all groups imply the
presence of a residual blood volume when perfusion is equal to zero. (c) Local lung delays
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(tro1) were inversely associated with Q§EF in all groups, with regions of higher perfusion
showing shorter delays. Curves show regression of tgo; onto Qrer
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Weight and Cardiorespiratory Variables
Control (0h) Injury (4 h)
Weight, kg 226+24 208+0.9
V7, mLkg? 87+09 11.8+27"
PEEP, cmH,0 0.0+0.0 90+11"""
RR, bpm 26.0%25 207+39"
FO, 033+0.08  068+0.12"*"
CO, L'min't 54+1.1 37+07"
MAP, mmHg 94.0 £ 8.6 83.8+233
MPAP, mmHg 13.2+46 343+£53%**

P.O/FiO,, torr 274 (229-284)

P,CO,, torr 325+44

130 (72-159) #

39.3+34"

Page 24

VT, tidal volume; PEEP, positive end-expiratory pressure; RR, respiratory rate; F|O2, inspired O2 fraction; CO, cardiac output; MAP, mean

arterial pressure; MPAP, mean pulmonary arterial pressure; PqO2, arterial O2 pressure; PaCO?2, arterial CO2 pressure;

#p<0.10,

p<0.05,

*%

p<0.01,

*%

p<0.001 vs. Control
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Per cent Differencesin 18F-FDG Parameter Estimates for the Right Heart Input Function

Wellman et al.
Table 2
Model Relative to the Delayed I nput Function Model
Control LPS Lavage+ LPS

ki 43.1[31.0,61.8]°
k2 33.0[23.0,46.4]P
ks  -51[9.2-29]bd

50.3[28.3,65.3]°  17.9[9.8,34.0]bC
46.8[18.8,62.1]°  25.9[10.8,35.4]P
0.7[-6.4,14.1] 3.9[1.2,9.0]2

Fe  -270[331-21.2]P -229[-351,-17.3]P -18.2[-31.3,-13.9]P

Fe  9518.1,15.1]0d

K; 5.1 [3.6,5.9]P

2.9[0.6,9.012 -1.8[-4.1,0.9]

2.9[2.0,11.3]P 4412263P

Shown are median [25th, 75th percentiles] for % error.

8p<0.05,

bp<0.01 for null hypothesis that difference is equal to O;

©p<0.05,

dp<0.01 vs. both other groups

Ann Biomed Eng. Author manuscript; available in PMC 2016 November 01.



