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Abstract 

Background  Analysis of [18F]-Fluorodeoxyglucose (FDG) kinetics in cancer has been most often limited to the evalu-
ation of the average uptake over relatively large volumes. Nevertheless, tumor lesions also contain inflammatory 
infiltrates whose cells are characterized by a significant radioactivity washout due to the hydrolysis of FDG-6P cata-
lyzed by glucose-6P phosphatase. The present study aimed to verify whether voxel-wise compartmental analysis 
of dynamic imaging can identify tumor regions characterized by tracer washout. The study included 11 patients 
with lung cancer submitted to PET/CT imaging for staging purposes. Tumour was defined by drawing a vol-
ume of interest loosely surrounding the lesion and considering all inside voxels with a standardized uptake value 
(SUV) > 40% of the maximum. Eight whole-body scans were repeated after 20 min of dynamic imaging centered 
on the heart. Six parametric maps were generated progressively by computing a Patlak regression line for each voxel. 
Each analysis considered a different set of frames: starting with all eight frames, then the last seven frames, and so on, 
down to the last three frames.

Results  Delaying the starting point of the compartmental analysis revealed a progressive increase in the prevalence 
of voxels with a negative slope. In the most delayed parametric map, these voxels represented 0.5–4.5% (median 2%) 
of the tumor volume. This effect was independent of tumor size and was predominantly located at the lesion borders.

Conclusions  The voxel-wise parametric maps provided by compartmental analysis identify a measurable volume 
characterized by radioactivity washout. The spatial localization of this pattern is compatible with the recognized pref-
erential site of inflammatory infiltrates populating the tumor stroma and might improve the power of FDG imaging 
in monitoring the effectiveness of treatments aimed at empowering the host immune response against cancer.

Trial registration: ClinicalTrials. The study was approved by the local ethical committee and it represented a single 
Institution ancillary trial within the expanded-access program for Nivolumab. NCT02475382. Registered 2015-06-16. 
URL: https://​clini​caltr​ials.​gov/​study/​NCT02​475382?​id=​NCT02​475382.​&​rank=1
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Introduction
The widespread use of 18F-fluoro-deoxyglucose (FDG) in 
Positron Emission Tomography (PET) imaging in cancer 
patients largely relies on its user-friendly procedure that 
allows mapping tracer uptake in the whole body with a 
single image acquisition in the late steady state phase. 
Indeed, FDG shares with glucose both GLUT-facilitated 
transmembrane transport and hexokinase-catalyzed 
phosphorylation to FDG-6P that, in turn, irreversibly 
accumulates within the cytosol being a false substrate 
for the enzymes channeling glucose-6P to glycolysis or 
pentose phosphate pathway [1]. In agreement with this 
kinetic model, current guidelines strictly recommend not 
to shorten the time between tracer injection and scan-
ning below 55  min [2–4]. By contrast, a larger variabil-
ity is allowed for the maximal duration of this interval, 
which can be extended by a further 30  min beyond the 
optimal time of one hour [5].

This kinetic model implicitly assumes that FDG-vehicu-
lated radioactivity cannot be lost by cancer lesions. At the 
time of the introduction of the FDG-PET modality, this 
concept fitted the notion that glucose-6P-phosphatase 
(G6Pase)—the enzyme hydrolyzing the sequestered glu-
cose-6P and FDG-6P to the freely exchangeable glucose 
and FDG—is only expressed in liver, gut, and kidneys [6, 
7]. However, more recent literature on glycogen storage 
diseases discovered the G6Pase isoform β (or G6PC3) 
that is ubiquitously expressed in all tissues [8] and in 
several tumors, including uterus, lung, breast, and colon 
cancer [9–11] as well as glioblastoma [12]. The activity of 
this enzyme and its capability to regulate the glucose-6P/
glucose ratio is extremely relevant in the maturation and 
proliferation of mesenchymal cells [13] and in the modu-
lation of the host inflammatory reaction [14–16].

A large literature now documents that virtually all solid 
tumors are infiltrated by lymphocytes and macrophages 
[17]. The high G6Pase expression of these cells and their 
variegate distribution might thus configure tracer accu-
mulation as a reversible process in some tissue volumes.

So far, this hypothesis has never been tested since FDG 
accumulation rate in cancer has been most often evalu-
ated by analyzing the time-concentration curves of rela-
tively large volumes of interest (VOIs) whose extension 
did not permit the identification of any possible hetero-
geneity in tracer kinetics [18]. With the advancement of 
PET/CT technology, it is now possible to simultaneously 
define tracer concentrations in both the arterial blood 
and in the tissues with serial whole-body acquisitions. 
By analyzing these time activity curves (TACs), we dem-
onstrated that, contrary to commonly accepted models, 
lung cancer lesions exhibit measurable and heterogene-
ously distributed tracer loss.

Methods
Patient population and dynamic PET/CT acquisition
The study included 11 patients (9 men and 2 women, 
mean age 65 years, median 68 years, range 29–88 years) 
submitted to whole-body PET examination for staging 
of suspected lung cancer. Imaging was performed in the 
early morning, after 12 h of fasting. After measurement 
of body weight and serum glucose level, an antecubital 
vein was cannulated, and each patient was positioned 
on the bed of a Siemens Flow mCT40 system (Siemens, 
Erlangen, Germany) to undergo the preliminary X-ray 
CT scanning performed according to the conventional 
procedure [2].

A list-mode acquisition was started soon before the 
bolus injection of FDG (4 MBq/Kg body weight) with the 
field of view focused on the heart for 20  min. Immedi-
ately thereafter, acquisition mode was shifted, and eight 
whole body passages were performed from the skull to 
the mid-tights. In Supplementary Table 1 the scan time 
(expressed in minutes) per WB pass is reported. A last 
equilibrium scan completed the acquisition procedure to 
be analyzed for the clinical report.

Exploited reconstruction algorithm was the PSF + TOF 
2i21s that combines an iterative reconstruction consid-
ering point spread function (PSF) correction and time-
of-flight (TOF) information, with 2 iterations and 21 
subsets; voxel size was: (2.03642 × 2.03642 × 5) mm^3.

Image analysis
The chest-centered part of the dynamic acquisition was 
binned according to the following frame sequence: 12 × 5 
secs, 12 × 10 secs, 8 × 15 secs, 6 × 30 secs, 2 × 60 secs, 
5 × 120 secs. By contrast, the eight subsequent whole-
body scans were characterized by a slightly variable time 
sequence due to the length of the desired field of view. 
The last WB acquisition had an average duration of 
14  min. Accordingly, the acquisition time of each slice 
was defined based on the DICOM metadata to perform 
an accurate correction of 18F physical decay.

An expert nuclear physician thus identified a ≥ 5  mL 
VOI on the descending aorta to estimate the input func-
tion (IF) defined by the activity concentration in the 
arterial blood at all times of the dynamic chest-centered 
frames and in the subsequent whole-body acquisitions.

A further VOI was drawn to loosely surround the 
tumor lesion in the last scan, and a mask was created to 
set all the outside voxels to 0. Data were transformed into 
standardized uptake value (SUV) images according to the 
conventional formulation [19] and the cancer lesion was 
defined as the set of all voxels with radioactivity concen-
tration > 40% of the maximum value within the identified 
VOI.
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Parametric image analysis
For each patient, two sets of parametric images were set 
up. For the former, a Time Activity Curve (TAC) was gen-
erated in each tumor voxel throughout the eight whole-
body acquisitions and six regression lines were computed 
considering all eight frames (1–8), the last seven ones 
(2–8), and so on, up to the last three (6–8). This analysis 
provided a first voxel-resolved description of FDG kinet-
ics, made of a set of six parametric TAC images denoted, 
from now on, as TAC​1–8, TAC​2–8, …, TAC​6–8. A regres-
sion analysis performed for each parametric TAC image 
allowed defining the involved voxels as accumulating 
(with a positive slope of the regression line) and releasing 
(with a negative slope of the regression line).

This preliminary evaluation was then compared with 
the conventional counterpart represented by the graphi-
cal approach to the compartmental analysis described 
by Patlak et  al. [20]. According to this largely adopted 
model, the tracer is freely exchanged between the blood 
and a series of intermediate reversible pools that act as 
an entry gate for the irreversible compartment in which 
entered radioactivity can never escape. Once the equi-
librium between blood and reversible compartments is 
reached at time t*, the irreversible accumulation within 
any given voxel is described by the equation:

where Ki represents the net accumulation rate in the 
irreversible compartment (clearance), CT (t) and Cb  (t) 
indicate the tracer concentrations in tissue and blood, 
respectively, while V0 is the volume of the reversible 
compartments.

Dividing both sides for Cb (t), Eq. (1) can be re-written 
as:

A standard Patlak analysis, performed against all the 
dynamical FDG-PET images, allowed the computation 
of the standard Patlak parametric image whose voxels 
contain the corresponding Ki values. However, reproduc-
ing the descriptive evaluation reported above, this same 
analysis was repeated six times, once again considering 
tumor radioactivity concentration at all frames, in the 
last seven, up to the last three. For each analysis, the IF 
was estimated by considering the value of the monoexpo-
nential function fitting its later measured values. Accord-
ingly, these time-resolved Patlak analyses provided six 
parametric images, each one reporting the Ki slope of 
the corresponding regression line, which was denoted 
as (Ki)1−8 up to (Ki)6−8 . Once again, each voxel was 

(1)CT (t) = Ki

∫
t

0

Cb(τ )dτ + V0Cb(t)

(2)
CT (t)

Cb(t)
= Ki

∫
t

0
Cb(τ )dτ

Cb(t)
+ V0

identified as accumulating or releasing according to the 
sign of the corresponding regression slope.

Statistical analysis
All data are reported as mean ± standard error of the 
mean (SEM). The statistical significance of the regres-
sion analysis in the case of the time-resolved approach 
was assessed by means of R2 > 0.3 for both the TAC para-
metric images and the Patlak parametric images. In the 
correlation analysis p < 0.05 was considered statistically 
significant.

Results
Clinical data
No patient showed metastatic lesions, while homolateral 
lymph nodes were involved in two patients. Tumor local-
ization and final diagnosis at the histological examination 
of the harvested lesion is reported in Table 1. The same 
table also reports the volumes of both surrounding VOI 
and included tumor lesions as well as FDG uptake data.

Overall, the final diagnosis was adenocarcinoma and 
squamous cell carcinoma in 7 and 4 patients, respec-
tively. Maximal SUV was similar in the two histologi-
cal types (14.5 ± 10.1 vs. 14.2 ± 8.0, respectively, p = ns); 
by contrast, tumor volume was slightly, though not sig-
nificantly lower in adenocarcinoma lesions with respect 
to squamous ones (20.7 ± 17.7 mLs vs. 71.3 ± 75.9 mLs, 
respectively, p = 0.11).

Standard and time‑resolved Patlak analyses confirm 
established results at volume level
Figure  1 illustrates the results of both the standard (1a) 
and the time-resolved (1b) Patlak analysis when the slope 
values of the regression lines are defined for the whole 
volume lesion. The Ki value provided by the standard 
procedure nicely correlated with the average lesion SUV 
in all patients but one (#8) (1a). Similarly, the agreement 
between average Ki values and average SUV remained 
invariant regardless the starting point of the time-
resolved regression analysis (1b).

The result of this time-resolved analysis was further 
corroborated by the trend of average Ki values in the 
whole population (Fig. 2a) or in each subject (Fig. 2b) as a 
function of the starting point of regression analysis. This 
preliminary analysis confirmed the acknowledged model 
considering FDG uptake as an irreversible process when 
the whole lung cancer lesion is analyzed. However, this 
observation was not confirmed when the spatial resolu-
tion of the analysis was escalated to the voxel level (see 
next Sub-section).
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Time‑resolved Patlak analysis highlights releasing voxels
The analysis of parametric maps with a voxel-wise reso-
lution provided a significantly different picture as shown 
in Fig.  3. The distribution of R2 values (Supplementary 
Fig.  2) indicates that 50% of Patlak analyses achieved 
an R2 > 0.8. By setting the R2 threshold at 0.3, only 10% 
of voxel-wise Patlak analyses were excluded. The time-
resolved Patlak analysis based on progressively delay-
ing the starting point, documented the existence of a 
significant amount of releasing voxels, i.e., with consist-
ently negative Ki values. Specifically, the later the start-
ing frame considered for the regression line computation, 

the higher the prevalence of cancer voxels characterized 
by a negative slope. Intriguingly, “releasing” voxels were 
evident even in the 2–8 analysis, with the negative slope 
of the corresponding regression line remaining invari-
ant when the analysis was restricted to the later images 
(Fig. 4a). In contrast, the slope for the “accumulating vox-
els” showed a slight but progressive increase (Fig. 4b).

As shown in Fig.  5, the progressive appearance of 
radioactivity release was not related to an overestima-
tion of tracer concentration in the arterial blood, since 
the same behavior was documented by the analysis of 
time-activity curves (TACs) in all voxels included in 

Table 1  Population description: tumor localization and final diagnosis at the histological examination of the harvested lesion; average 
volume, average and maximal SUV values of all detected lesions

ID Disease site Histology VOI (mm3) TV (mm3) TV/VOI (%) SUV (mean ± std) SUV [min,max] Injected 
dose 
(MBq)

1 Left/upper lobe adenocarcinoma (G2/G3) 25,379.7 6676.7 26.3 3.44 ± 0.84 [2.39, 5.98] 351

2 Right/upper lobe adenocarcinoma (G2); lymph 
nodes involved

156,756.8 21,834 13.9 5.04 ± 1.13 [3.31, 8.28] 313

3 Right medium lobe squamous cell carcinoma 76,636.7 28,261.8 36.9 4.97 ± 1.27 [3.19, 7.97] 331

4 Left/upper lobe adenocarcinoma 109,481 21,108.3 19.3 9.82 ± 2.32 [6.66, 16.5] 319

5 Right/upper lobe adenocarcinoma (G2/G3) 30,190.2 3068.8 10.2 8.47 ± 2.16 [5.6, 13.95] 340

6 Left/bottom lobe adenocarcinoma; lymph nodes 
involved

116,447.9 22,186.5 19.1 3.42 ± 0.85 [2.27, 5.67] 315

7 Right upper lobe adenocarcinoma 180,270.4 56,938.4 31.6 18.20 ± 4.55 [12.16, 30.41] 359

8 Left/upper lobe squamous cell carcinoma 526,877.2 184,189.3 35 12.47 ± 2.45 [7.5, 18.75] 364

9 Left/upper lobe squamous cell carcinoma 323,964.1 47,172.2 14.6 13.79 ± 3.13 [9.26, 23.13] 320

10 Left/upper lobe adenocarcinoma adenocarcinoma 101,891.9 13,000.9 12.8 3.19 ± 0.75 [2.39, 5.98] 341

11 Right medium lobe squamous cell carcinoma 119,433.8 25,649.2 21.5 3.78 ± 1.00 [2.82, 7.05] 297

Fig. 1  Correlation analysis between individual regional SUV and Patlak slope. a For each patient (labeled by their ID), the x-axis contains the SUVs 
averaged across the cancer volume computed at the last scan; the y-axis contains the average values of the standard Patlak slope. b For each 
patient, each colored dot represents the average value of the Patlak slope corresponding to a specific interval in the time-resolved analysis
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the cancer lesion. Finally, Fig. 6 shows the correlations 
between the rate of releasing voxels and the cancer vol-
ume as computed using the static FDG-PET image.

This finding suggests that the release of radioactiv-
ity was not significantly influenced by contamination 
from normal tissues, as the extent of the releasing 
regions was independent of tumor volume. Addition-
ally, the location of the cancer was not displaced in the 
later images, as the VOI boundaries remained consist-
ent even when the parametric image calculations were 

Fig. 2  Volumetric time-resolved Patlak analysis. a For each time frame on the x axis the values on the y axis are the volumetric Patlak slopes (mean 
± SEM) averaged across subjects. b The slopes on the y axis refer to each single subject

Fig. 3  Time- and voxel-resolved Patlak analysis. The two plots show, for each patient and each time frame, the rate of voxels with negative (a) 
and positive (b) Patlak slope. Rates are computed with respect to the total number of voxels in the lesion

Fig. 4  Distribution of regression line time- and voxel -resolved Patlak 
analysis slope in releasing (a) and accumulating voxels (b)
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delayed, as illustrated by a representative case (Fig.  7) 
and confirmed in all patients (Supplementary Fig. 1).

Localization of the accumulating and releasing voxels
To document whether tracer kinetics was clustered 
in specific cancer regions, Fig.  8 shows the voxels 

representing tumor boundaries, which were identified as 
all voxels with faces, edges, or corners adjacent to non-
cancer ones (with SUVs < 40% of maximum). By contrast, 
the core region was defined as the complementary tumor 
volume.

Discussion
In the present study, the conventional Patlak analysis 
showed heterogeneous FDG kinetics in treatment-naïve 
lung cancer. The tracer irreversibly accumulated in the 
largest part of the lesion volume; however, it was retained 
in a reversible pool for a measurable number of voxels. 
This behavior reflected a true tracer washout, as docu-
mented by the progressive decrease of the ratio between 
tumor and blood radioactivity concentration that ruled 
out significant contamination by the blood volume 
included in the analyzed voxel [21]. It was independent of 
the lesion size and relatively more represented in the bor-
der zone with respect to the lesion core. Altogether, these 
findings indicate that the well-documented heterogeneity 
of cell types populating the tumor eventually results in a 
heterogeneous kinetics of tracer accumulation as a pos-
sible index of a local infiltration by FDG-releasing inflam-
matory cells.

Spatial resolution and FDG kinetics
As requested by the standard procedure, the Pat-
lak regression line was computed setting the X values 

Fig. 5  Comparison between the rate of releasing voxels computed by using the TAC slopes (x-axis) and the Patlak slopes (y-axis). a Each color 
corresponds to a subject and each point corresponds to a time frame. b Focus on frame 6–8, where each point corresponds to a patient

Fig. 6  The rates of releasing voxels as computed from Patlak 
at interval 6–8, plotted against the cancer volume (in ml). 
Each patient is a dot marker. The dotted line is the linear trend 
on the subjects
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according to the full-time input function, i.e., from the 
radiotracer injection time until the dynamic scan is 
recorded, and plotting the Y values after the steady state 
has been reached. Due to the irreversible nature of FDG 

uptake, the estimated regression line in each voxel should 
have maintained constant values for both the slope and 
intercept, regardless of the starting time of the analysis. 
This tenet was not respected in those lesion voxels that 

Fig. 7  Spatial coherence of voxels. a WB STATIC PET tumor image coregistered with CT. b Parametric map showing spatial coherence of voxels 
that exhibited release activity in consecutive frames up to frame 6–8. The color scale indicates that release was detected in the last four (yellow) 
or three (green) voxels within the tumor volume (pale blue). c Parametric maps generated with Patlak analysis considering the interval 1–8, 3–8, 
and 5–8. For each image, the tumor area is identified by a square (dashed contour) and reported in its zoomed version (solid line)

Fig. 8  Spatial distribution of releasing and accumulating voxels co-registered with the CT scan of one of the analysed patients. MRFDG indicates 
the accumulation rate of FDG Ki
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showed a measurable and progressive decrease in tumor/
blood radioactivity ratio.

Due to its late onset and relatively low prevalence, the 
effect of tracer washout on the Patlak relationship was 
overshadowed by the accumulation of radioactivity in the 
earlier time points. Consequently, the analysis of average 
FDG kinetics in the entire cancer lesion showed a strong 
linear relationship, consistent with findings from stud-
ies using this VOI-based approach [22]. While applying 
the generalized Patlak model [23] could have provided 
a more accurate estimation of the release rate (usually 
defined as Kloss) [24], this was not feasible in our study 
due to the limited number of late time points (eight) 
available for the late phase of the tumor time-activity 
curve. Nevertheless, our data support the effectiveness 
of parametric images in highlighting the heterogeneity of 
cancer metabolic patterns. Furthermore, the progressive 
enlargement of the releasing volume gradually reduced 
the number of “accumulating” voxels, resulting in a small 
but measurable increase in their Ki.

To observe the washout phenomena, it was necessary 
to retain linear regressions that slightly deviated from the 
Patlak assumption of tissue irreversibility. The R2 > 0.3 
threshold ensured the validity of the analysis by exclud-
ing only 10% of the voxels in each analysis that exhibited 
a strongly non-linear trend (Supplementary Fig. 2).

The heterogeneous tracer handling of tumor tissue 
documented by escalating the spatial resolution down to 
the voxel size closely agrees with the well documented 
heterogeneity of cell type populating the lesion [25, 26], 
and with the relatively preferential localization of inflam-
matory cells in proximity of tumor borders [27]. Indeed, 
while it is universally accepted that cancer cells display an 
irreversible FDG accumulation [28, 29], a similar consen-
sus also applies to granulocytes and macrophages, whose 
tracer-releasing feature has been frequently proposed as 
a possible tool to differentiate cancer from inflammation 
[30].

Clinical implications
A small fraction of cancer volume showed a measurable 
FDG washout. This finding suggests that the late tracer 
release should scarcely affect image quality even when 
acquisition is postponed beyond the 50 min indicated by 
the current guidelines [2–4]. Nevertheless, this evidence 
might improve the capability of PET/CT in verifying the 
effectiveness of treatments, such as immunotherapy, aim-
ing to improve the host inflammatory response to cancer. 
Several studies report a significant increase of compart-
mental analysis in attributing the tracer uptake to the 
inflammatory infiltrates promoted by immunotherapy vs 
the progression of the disease [31, 32]. However, the com-
plexity and time-consuming nature of dynamic imaging 

so far hampered the clinical exploitation of this approach. 
Nevertheless, setting up voxel-resolved parametric maps 
delineating the trend of tumor/blood radioactivity ratio 
at the late time typical of tracer washout might represent 
a potential window to render this analysis feasible in the 
routine practice. Indeed, the accuracy of this approach 
in providing an accurate Ki value is still matter of debate 
[33], its capability to identify a negative slope remaining 
valid when the input function is not fully determined 
when limited to its latest time points [34]. Obviously fur-
ther studies are needed to characterize the capability of 
this index to identify the localization of inflammatory 
infiltrates.

Limitations
Several limitations of this study should be considered. 
Our study focused on lung cancer, aiming to simultane-
ously define the time-concentration curve in both the 
arterial blood and the tumor lesion. This focus inevitably 
affects image quality due to respiratory motion. How-
ever, the blurring caused by this motion should have uni-
formly affected all images after reaching a steady state, 
given the relatively long and constant acquisition time. 
Furthermore, tracer washout involved a progressively 
enlarging volume within the same cancer tissue location, 
and the automatic definition of cancer remained stable 
across different Patlak analyses. Therefore, chest motion 
should not be regarded as the sole mechanism behind the 
observed tracer release.

On the other side, a second limitation refers to the 
missing analysis of cell populations and their difference 
between releasing and accumulating voxels. Due to the 
high complexity of this evaluation, this task was not 
attempted, although stroma elements were obviously 
represented in all harvested lesions. Nevertheless, this 
limitation only partially hampers the nature of our proof-
of-concept study aimed to identify the potential capabil-
ity of voxel-resolved images to recognize heterogeneous 
tracer kinetics within the cancer tissue.

Conclusions
In the present study, delaying the starting point of Patlak 
graphical analysis indicates a heterogeneous FDG kinet-
ics within lung cancer lesions. This evidence can only be 
obtained by voxel-wise parametric maps limited to the 
analysis of the latest time points of dynamic acquisition. 
This finding indicates that expanding the analysis of FDG 
uptake in the time-domain might improve the informa-
tive content of PET/CT imaging adopting protocols com-
patible with the daily nuclear medicine practice after the 
introduction of novel scanners characterized by large 
field of view and high spatial resolution.
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The potential of this time-resolved approach to FDG 
imaging might be of relevance for the evaluation and 
monitoring of therapy effectiveness, mostly in patients 
exposed to immunotherapy in whom differentiating the 
inflammatory enhancement vs the progression of disease 
requests, so far, pronged and serial evaluations.
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