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Past efforts to measure blood flowwith the widely available radiotracer
18F-FDG were limited to tissues with high 18F-FDG extraction fraction.
In this study, we developed an early dynamic 18F-FDG PET method
with high-temporal-resolution (HTR) kinetic modeling to assess total-
body blood flow based on deriving the vascular phase of 18F-FDG
transit and conducted a pilot comparison study against a 11C-butanol
flow-tracer reference.Methods: The first 2 min of dynamic PET scans
were reconstructed at HTR (603 1 s/frame, 303 2 s/frame) to resolve
the rapid passage of the radiotracer through blood vessels. In contrast
to existing methods that use blood-to-tissue transport rate as a surro-
gate of blood flow, our method directly estimated blood flow using a
distributed kinetic model (adiabatic approximation to tissue homoge-
neity [AATH] model). To validate our 18F-FDG measurements of blood
flow against a reference flow-specific radiotracer, we analyzed total-
body dynamic PET images of 6 human participants scanned with
both 18F-FDG and 11C-butanol. An additional 34 total-body dynamic
18F-FDG PET images of healthy participants were analyzed for compar-
ison against published blood-flow ranges. Regional blood flow was
estimated across the body, and total-body parametric imaging of blood
flow was conducted for visual assessment. AATH and standard com-
partment model fitting was compared using the Akaike information
criterion at different temporal resolutions. Results: 18F-FDG blood flow
was in quantitative agreement with flow measured from 11C-butanol
across same-subject regional measurements (Pearson correlation coef-
ficient, 0.955; P , 0.001; linear regression slope and intercept, 0.973
and –0.012, respectively), which was visually corroborated by total-
body blood-flow parametric imaging. Ourmethod resolved awide range
of blood-flow values across the body in broad agreement with pub-
lished ranges (e.g., healthy cohort values of 0.51 6 0.12 mL/min/cm3

in the cerebral cortex and 2.036 0.64 mL/min/cm3 in the lungs). HTR
(1–2 s/frame) was required for AATH modeling. Conclusion: Total-
body blood-flow imaging was feasible using early dynamic 18F-FDG
PET with HTR kinetic modeling. This method may be combined with
standard 18F-FDG PET methods to enable efficient single-tracer
multiparametric flow-metabolism imaging, with numerous research
and clinical applications in oncology, cardiovascular disease, pain
medicine, and neuroscience.
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Imaging blood flow has garnered considerable interest over the
past 50 y, as its dysfunction is characteristic in many diseases (1–3).
PET imaging with a blood-flow–specific radiotracer, such as
11C-butanol or 15O-water, is widely considered the gold standard
for blood-flow imaging (4–6). These flow radiotracers are freely
diffusible across capillary membranes (4–6); accordingly, the mea-
sured PET signal is closely proportional to blood flow. Blood flow
can then be quantified by a standard 1-tissue compartment (S1TC)
model because of the complete or near-complete extraction of these
freely diffusible flow radiotracers (4–6). Importantly, these flow
radiotracers are highly extracted in tissue across the entire body
and allow total-body imaging of blood flow (4,5,7).
However, the short half-lives of the radioisotopes in flow radiotra-

cers create practical challenges that hinder their broader accessibility.
15O-water has a half-life of 2.04 min, which necessitates an on-site
cyclotron and a dose-delivery system (8). 11C-butanol has a longer
half-life (20.40 min) but still requires nearby production, thus limiting
its access to urban or research PET centers. Other flow radiotracers,
such as 82RbCl and 13N-ammonia, similarly have short radioisotope
half-lives and high costs in addition to nonlinear uptake with flow (9).
A blood-flow imaging method using a widely available radiotracer,
such as 18F-FDG, may mitigate these challenges and open opportu-
nities for imaging of blood flow and glucose metabolism with a
single-tracer dynamic scan.
Early dynamic 18F-FDG PET has been used to measure blood flow

in select tissues, such as tumors (10), liver (11), and myocardium
(12), where 18F-FDG is moderately to highly extracted. The first 2- to
3-min dynamic 18F-FDG PET signal is principally weighted toward
the initial delivery of the radiotracer to the tissue (13), and the higher
regional extraction fraction makes the analysis amenable to simplified
modeling, like that of freely diffusible flow radiotracers. However,
these approaches are not generally applicable to other regions, such as
the brain, with lower 18F-FDG extraction fractions (14,15).
An intravenously injected tracer is delivered to local tissue vascu-

lature at a rate equal to blood flow. Standard compartmental models
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neglect this transient process, but distributed kinetic models explicitly
model the blood flow and transit time associated with the radiotracer
traversing the blood vessels (16,17). Although described several
decades ago, distributed kinetic models had limited application in PET
due to the poor temporal resolution and statistical quality of time–
activity curves measured with conventional PET scanners (18,19).
Total-body PET has substantially greater sensitivity (20–22)

compared with conventional PET systems and allows high-
temporal resolution (HTR) dynamic imaging (21,23) and kinetic
modeling (13,24,25). This may revitalize opportunities to apply
distributed kinetic models for blood-flow estimation with 18F-FDG
in various tissues. Here, we describe the development of an early
dynamic 18F-FDG PET method for total-body blood-flow imaging
with HTR kinetic modeling and its validation against an 11C-butanol
reference in a subset of participants scanned with both radiotracers.

MATERIALS AND METHODS

Total-Body Dynamic PET
Two human cohorts were pooled in this study, each separately

approved by the institutional review board at the University of California,
Davis. Written informed consent was obtained for all participants. All
participants received total-body dynamic imaging on the uEXPLORER
PET/CT system (United Imaging Health Care), with the scan commenc-
ing immediately before bolus injection of the radiotracer.

The first cohort comprised 6 participants (4 women; mean age,
67 6 15 y) with chronic low-back myofascial pain who underwent
total-body dynamic PET, receiving bolus injections of both 18F-FDG
(98 6 9 MBq) and 11C-butanol PET (268 6 6 MBq) at 2 scanning
sessions within 14 d (Clinicaltrials.gov identifier NCT05876858). The
median interval between scans was 9 d (range, 0–14 d). Two participants
were scanned on the same day with 11C-butanol scanning commencing
first, followed by an interval of at least 3 h before the 18F-FDG PET to
allow 11C to decay to negligible levels. The
second cohort comprised 34 healthy partici-
pants (21 women; mean age, 51 6 13 y) with
no self-reported history of cancer or myocardial
infarction in the past 5 y (26). Participants were
scanned with total-body dynamic 18F-FDG
PET (mean injected activity, 358 6 33 MBq,
bolus injection), and their data were used
for methodologic development and validation
against literature blood-flow ranges. Two par-
ticipants in the first cohort and 20 participants
in the second cohort self-identified as belong-
ing to racial or ethnic minorities (26).

For all dynamic scans, the first 2 min were
reconstructed at HTR (60 3 1 s, 30 3 2 s)
using reconstruction software provided by the
vendor. This involved a time-of-flight ordered-
subset expectation-maximum algorithm-based
reconstruction without point-spread function
modeling and with 4 iterations, 20 subsets, and
standard corrections for attenuation, scatter,
randoms, dead time, and decay (22). We used
a matrix size of 150 3 150 3 486 and an iso-
tropic voxel size of 4 mm.

Tracer Kinetic Modeling of Blood Flow
from Dynamic 18F-FDG Data

Existing methods to measure blood flow
with 18F-FDG have been limited to select tissue
with high extraction fraction such that the
blood-to-tissue transport rate (K1) approximates

blood flow directly (10,11) or by nonlinear calibration (12). K1 is defined
as the product of blood flow (F) and extraction fraction (E):

K1 5FE: Eq. 1

Equation 1 shows that K1 is a good approximation of blood flow
only when E is close to 1.

18F-FDG K1 can be measured with early dynamic imaging and
an S1TC model, as the phosphorylation and dephosphorylation of
18F-FDG is not identifiable during the first few minutes of the dynamic
scan (13,27). The impulse response function, RS1TCðtÞ, of the S1TC is
determined using Equation 2.

RS1TCðtÞ5 vb t50,
K1e2k2 t t.0,

�
Eq. 2

where vb is the blood volume and K1 and k2 are the blood-to-tissue trans-
port and clearance rates, respectively (Fig. 1). Here, the value of vb at t50
reflects the compartmental assumption that radiotracer instantaneously and
uniformly mixes in regional blood vessels.

In reality, the radiotracer requires a nonzero transit time to traverse
the length of the blood vessels at a rate equal to blood flow. This can
be explicitly modeled in distributed parameter models (16,17). Here,
we used the adiabatic approximation to tissue homogeneity (AATH)
model (17), a distributed kinetic model with a closed-form time-domain
solution that explicitly models intravascular blood flow and a mean
vascular transit time. The impulse response function, RAATHðtÞ can be
determined using Equation 3.

RAATH tð Þ5 F 0 # t , Tc
K1e2k2 t2Tcð Þ t$Tc

,

�
Eq. 3

where F is intravascular blood flow and Tc is the mean vascular transit
time for the radiotracer to pass through the total vascular blood volume
(vbÞ in a voxel. Tc is equal to the ratio of the blood volume to blood flow
(Tc5 vb=F) (Fig. 1). Here, F is modeled separately from K1. This method

FIGURE 1. Modeling intravascular delivery of PET tracers. (A) PET voxel partly comprises arteries,
arterioles, capillaries, venules, and veins. PET tracers are initially delivered to and circulate through
these vascular volumes via blood flow (F). Tracer transport from blood into (K1) and out of tissue (k2)
occurs almost exclusively at capillary level. S1TC model (B) assumes that tracer instantaneously
mixes in vascular volume, and effectively mean vascular transit time (Tc) is zero. AATH model
(C) accounts for plug flow with single transit time (Tc) for tracer to traverse total vascular volume via
blood flow.
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differs from conventional methods using extraction fraction correction (12)
of K1 to approximate blood flow.

RAATH tð Þ describes a finite-time vascular phase (0 # t , Tc) and a
tissue phase (t$Tc). During the vascular phase, the radiotracer tra-
verses the total vascular blood volume (arteries, arterioles, capillaries,
venules, and veins) residing in a voxel at a uniform rate equal to the
blood flow (plug flow). Capillary transit occurs for a fraction of this
time during which a fraction (E) of the radiotracer is extracted to the
extravascular tissue compartment. At the start of the tissue phase
(t5Tc), the unextracted fraction (1 – E) is removed from the voxel
volume through the venous outlet by blood flow. The extracted radio-
tracer then returns from the extravascular tissue compartment to the
intravascular space and is cleared through the venous outlet by blood
flow (t.Tc). Accordingly, the tissue phase of RAATH tð Þ follows an
exponential decay, like the S1TC model, with their response functions
mainly differing by the presence of a nonzero-length vascular phase in
the AATH model. We expect that the AATH and S1TC fittings may
perform similarly at high extraction fractions as blood flow becomes
similar to K1.

For a general arterial input, Ca tð Þ, the tissue time–activity curve,
QðtÞ, can be derived using Equation 4.

Q tð Þ5Ca t2 tdð Þ �R tð Þ, Eq. 4

where td is the time delay between radiotracer arrival at the measured arte-
rial input location and local tissue vasculature. We used a basis function
method with time-delay correction for least-squares parameter estimation
using parametric forms of each model as described previously (28,29) and
detailed in the supplemental materials, available at http://jnm.snmjournals.org
(30–33). The AATH model was applied for both 18F-FDG and 11C-butanol.

Image Analysis
Total-body PET enabled noninvasive measurement of an image-

derived input function for kinetic analysis. The ascending aorta was
used for kinetic modeling of all tissue except the lungs, for which a
right ventricle input function was used (24,34,35). Early 18F-FDG
kinetics were quantified by analyzing regional time–activity curves
obtained from tissue segmentations in 10 regions of interest (supple-
mental materials) (36–40).

Total-body parametric images of early kinetics were generated by
voxelwise kinetic modeling on 4-mm isotropic reconstructions. The
dynamic and parametric images were smoothed by the kernel method,
which is analogous to nonlocal means denoising (41,42). Prior composite
images were derived from multiple static PET images (18F-FDG, 0–5,
5–20, 20–40, and 40–60 min; 11C-butanol, 0–1, 1–2, and 2–3 min), using
49 nearest neighbors within a 9 3 9 3 9 voxel neighborhood, as in our
previous work (41,42).

Evaluating Time–Activity Curve Fitting
We compared the quality of the AATH and

S1TC model time–activity curve fits using the
Akaike information criterion (AIC) (supple-
mental materials) (43). The difference in AIC
(AATH minus S1TC) was computed for each
region of interest. A lower AIC indicated better
fitting after accounting for the number of
model parameters and the residual fitting error.
Practical identifiability analysis was also per-
formed as in previous work (27) to determine
the reliability of AATH parameter estimates.

To evaluate the effect of temporal resolu-
tion on the suitability of the AATH model,
we frame-averaged each measured regional
time–activity curve in the healthy 18F-FDG
PET cohort at 1-, 2-, 3-, 5-, and 10-s/frame

intervals. The resampled data were fitted with the AATH and S1TC
models, and AIC differences were compared for each region and frame
interval.

Validating 18F-FDG Blood-Flow Quantification
The mean and SD of regional blood-flow values estimated with the

AATH model were computed for all participants. In participants with
both 18F-FDG and 11C-butanol PET images, we performed correlation
and Bland–Altman analyses (44) of regional blood-flow estimates
between radiotracers. Total-body blood-flow parametric images were
visually compared between radiotracers. For the healthy 18F-FDG
PET cohort, we compared their average regional values against pub-
lished ranges (Supplemental Table 1) (4,6,18,45–66).

RESULTS

Time–Activity Curve Fitting and Model Selection
An example HTR 18F-FDG time–activity curve fitting in the

cortical gray matter with the S1TC and AATH models is shown in
Figure 2. The first-pass peak, which was accurately measured with
HTR dynamic imaging, was better fitted with the AATH model
compared with the S1TC model. Furthermore, the peak of the
intravascular component (dashed red line) of the AATH-fitted
curve better aligned with the peak of the measured curve. The
intravascular component is a scaled version of the arterial input
function (Supplemental Eq. 4) in the S1TC model fit, whereas it is
a smoothed, widened version in the AATH fit due to the nonzero
Tc (Supplemental Eq. 2). Accordingly, the intravascular distribu-
tion of the S1TC-fitted curve was smaller than that with the
AATH model fit; to compensate, the extravascular distribution of
the S1TC-fitted curve grew larger than that of the AATH model
fit. In all regions of interest investigated, the AATH model was
preferred on average over the S1TC model across 34 HTR
dynamic 18F-FDG scans of healthy participants (Fig. 3A). Simi-
larly, for 11C-butanol, S1TC model fitting was worse on average
(Supplemental Fig. 1), and this justified our use of the AATH
model for blood-flow comparisons against 18F-FDG.
Figure 3B illustrates the difference in AIC between the AATH

and S1TC models at different temporal resolutions and in different
tissue regions for the 18F-FDG cohort of 34 healthy participants.
Using the AIC, the AATH model had improved fitting over the
S1TC model at 1- to 2-s/frame intervals, though the average
magnitude of AIC differences was lower at 2 s/frame. Beyond
3-s/frame intervals, the S1TC model was clearly preferred by
the AIC.

FIGURE 2. Time–activity curve fits in cortical gray matter using S1TC model (A) and AATH model
(B) at HTR (60 3 1 s/frame, 30 3 2 s/frame). Dashed red and green lines represent intravascular
and extravascular components of fitted curve, respectively. Black arrows indicate areas where S1TC
fitting was poor.
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Validation of 18F-FDG PET Blood Flow
Against 11C-Butanol PET

11C-butanol and 18F-FDG blood flow
were compared across all 6 participants,
each with 10 tissue regions, using correla-
tion and Bland–Altman analyses (Figs. 4A
and 4B). 18F-FDG blood flow estimated with
our proposed method had strong quantitative
agreement with the 11C-butanol reference
measurement, with a Pearson correlation
coefficient of 0.955 (P , 0.001) and a lin-
ear regression slope and intercept of 0.973
and –0.012, respectively. The mean dif-
ference in blood flow (18F-FDG minus
11C-butanol) was –0.031 mL/min/cm3, indi-
cating that our 18F-FDG blood-flow measures
marginally underestimated that of 11C-
butanol, on average. The Bland–Altman
95% limits of agreement were –0.445 to
0.383 mL/min/cm3, with the larger differ-
ences mainly driven by tissues with higher
blood flow. One participant had severe
intraframe respiratory motion during the
11C-butanol scan, which prevented accurate
lung blood-flow quantification and substan-
tial overestimation (.1.0 mL/min/cm3) with
our 18F-FDG PET method. Further analyses
stratified by regions with similar blood flow
are shown in Supplemental Figures 2 and 3.
In general, S1TC 18F-FDG K1 did not
strongly agree with 11C-butanol blood flow
(Fig. 4B).

Total-Body Parametric Imaging of
Blood Flow with 18F-FDG
Total-body parametric images of blood

flow generated with 18F-FDG and 11C-
butanol in the same participant are shown
in Figure 5. Parametric images appeared
similar both visually and in quantitative
ranges across the body. A notable difference
observed between the 2 blood-flow maps
was the absence of sagittal and transverse
sinuses in the 11C-butanol parametric image.
This is likely due to the high extraction frac-
tion of 11C-butanol in the brain, resulting in
lower venous concentration of the tracer. A
representative parametric image of the Tc
from a healthy participant is shown in Sup-
plemental Figure 4. One participant had
substantial differences in cerebral blood
flow between 11C-butanol and 18F-FDG
(Supplemental Fig. 5) (67,68), which may
be due to a combination of physiologic and
methodologic factors and warrants a future
test–retest study.

Regional 18F-FDG Early Kinetics in
Healthy Participants
The distribution of blood-flow esti-

mates with our 18F-FDG method in 34
healthy participants is plotted in Figure 6.

FIGURE 3. Difference in AIC between AATH and S1TC models using original HTR data (60 3

1 s/frame, 30 3 2 s/frame) (A) and at different simulated frame intervals (B). Negative AIC
indicates preference toward AATH model. GM 5 gray matter.

FIGURE 4. Correlation (left) and Bland–Altman (right) plots comparing 11C-butanol blood flow
against 18F-FDG blood flow with AATH model (A) and S1TC model (B) K1 in same participants.
GM 5 gray matter; MD 5 mean difference.
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On average, all tissue regions were within the expected range
except the subcortical gray matter and lungs, which were
slightly below and above the upper range of average blood-flow
values reported in literature, respectively (Fig. 6; Supplemental
Table 1) (4). Estimates of Tc (Table 1) reasonably agreed with
those reported in the CT/MR perfusion and dual-tracer PET lit-
erature (Supplemental Table 1). The identifiability of regional
blood-flow estimates with our proposed method was excellent
overall across tissue regions (absolute mean error, ,5%; SD,
,15%) except the skeletal muscle (mean overestimation, 6.4%;
Supplemental Table 2).
Regional 18F-FDG extraction fraction values in the healthy

cohort are summarized in Table 1. The 18F-FDG extraction fraction
varied greatly among tissue regions across the body. Accordingly,
S1TC 18F-FDG K1 was in general agreement with 11C-butanol
blood flow only in tissues with a high extraction fraction (Supple-
mental Fig. 6).

DISCUSSION

We developed an early dynamic 18F-FDG PET method for
total-body blood-flow imaging with HTR kinetic modeling and
validated it against a 11C-butanol reference in a subset of partici-
pants scanned with both radiotracers. Conventional methods for
18F-FDG blood-flow imaging have been limited to tissues with

relatively high extraction fraction where
blood-to-tissue transport rate K1 can approx-
imate blood flow. Our proposed method
uses a distributed kinetic model (16,17) that
explicitly accounts for the blood-flow deliv-
ery rate of radiotracer to blood vessels,
which was resolved with HTR dynamic
imaging. 18F-FDG blood-flow estimates were
in quantitative agreement with 11C-butanol
in direct comparisons for the same sub-
jects. We further validated our method
with 34 healthy participants, showing that
regional blood-flow values across the body
were broadly within published ranges
(Fig. 6). We report data on 18F-FDG extrac-
tion fraction values across the body, which

varied between tissue types (4%–95%; Table 1). To our knowledge,
this is the first study to perform total-body blood-flow imaging
with 18F-FDG and compare the results with 11C-butanol flow-tracer
PET in the same subjects.
The key difference between the AATH model and the S1TC

model is that the former does not assume that tracer instanta-
neously mixes in the vascular volume. In the AATH model, blood
flow represents the intravascular flow rate through the entire vas-
cular volume residing in a voxel volume. This subtly differs from
conventional 11C-butanol or 15O-water PET measurements of tracer
clearance into tissue (K1), which occurs at the capillaries and is
directly proportional to capillary blood flow when E approximates 1.
However, because our blood-flow estimates were in close agreement
with published ranges, it appears that regional blood flow may be
tightly coupled with capillary blood flow. This is further supported
by the agreement of our AATH regional blood-flow estimates with
ranges reported in the literature (Fig. 6). Similarly, AATH Tc
represents the mean vascular transit time through the entire vas-
cular volume in a voxel and not only the capillaries. Our Tc esti-
mates generally agreed with those from previously published
CT/MR perfusion and dual-tracer PET data (e.g., 3–7 s in the brain)
(Supplemental Table 1).
Our data agree with prior work suggesting the need for HTR

imaging for distributed kinetic modeling (16–19,25,69). Here, a
temporal resolution of 1 to 2 s was required for the AATH model

to be preferred over the S1TC model based
on the AIC metric (Fig. 3). The temporal
resolution may need to be closer to 1 s/frame
for tissues such as lung, where the right
ventricle input function often has a very
fast, sharp bolus (24). Total-body PET now
allows the requisite temporal resolution for
blood-flow imaging across the body using
the widely available 18F-FDG radiotracer.
Ongoing advancements in image recon-
struction may further improve signal-to-
noise for HTR imaging (70). Whether these
improvements allow lower-dose 18F-FDG
blood-flow imaging and voxel-level AIC
model selection (42) will be considered
in future work.
Our method is generally applicable across

the body, in contrast to conventional 18F-
FDG blood-flow estimation methods that
require a high extraction fraction. Directly

FIGURE 6. Regional blood flow in 34 healthy participants estimated with early dynamic 18F-FDG
method. Plots are separated by range of blood-flow values. Average estimates mostly fell within
range of average blood-flow values reported in literature (Supplemental Table 1), indicated by green
boxes. GM5 gray matter.

FIGURE 5. Total-body parametric imaging of blood flow with early dynamic 18F-FDG method
compared with 11C-butanol flow-tracer PET reference in same participant. White arrows indicate
sagittal and transverse sinuses in brain.
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using 18F-FDG K1 as a surrogate of blood flow does not generalize
across all tissue types (Fig. 4B). HTR 18F-FDG PET has also been
used by Larsson et al. (25) to measure cerebral blood flow with
model-independent deconvolution analysis, despite the low cerebral
extraction fraction of 18F-FDG (Table 1). Our estimates of 18F-
FDG extraction fraction in the cortical gray matter were similar to
their estimates in the thalamus (0.19 6 0.05) as well as those
found in another dual-tracer PET study (14). However, our esti-
mates of 18F-FDG extraction in other brain regions were larger
than these values. Variability in parameter estimates due to dif-
ferences in estimation methods and modeling has been recog-
nized in MR and CT perfusion (31). The number and characteristics
of study participants may have also contributed to this discrepancy.
Future work is warranted to compare model-independent deconvolu-
tion and AATH parameter estimates and conduct test–retest studies.
Intravenously injected tracers are delivered to tissue vasculature

by blood flow, and distributed kinetic models explicitly account
for this process (16,18,19). Historically, the AATH model has
been used for blood-flow imaging using inert contrast agents and
HTR dynamic CT or MRI (30,31). Here, we showed that distrib-
uted modeling is applicable to a noninert metabolic radiotracer
(18F-FDG) as well as a freely diffusible flow radiotracer (11C-butanol),
provided the requisite temporal resolution is used. Our method
may be generally applicable to a wide range of tracers, allowing
single-tracer blood-flow imaging. This has been demonstrated in
the brain with several PET tracers using the current approach (28)
and model-independent deconvolution (25) on HTR dynamic PET,
though further validation is required beyond the brain. Numerous
opportunities can be enabled for single-tracer multiparametric
imaging of physiologic parameters, such as flow-metabolic imaging
(1–3) with 18F-FDG or joint quantification of blood flow and amy-
loid burden with amyloid PET tracers (71).
This initial work demonstrated the feasibility of using the AATH

model for estimating total-body blood flow with HTR early dynamic
18F-FDG PET, but further modeling improvements may be consid-
ered at the organ level. First, dual-input modeling with the portal
vein is required to enable liver blood-flow measurements (72).

However, existing methods (11,72) using 18F-FDG K1 as a surro-
gate of hepatic blood flow may be sufficient because of the high
permeability of liver sinusoids (73). Also, our initial analysis of the
myocardium suggested that spillover from the right and left ventri-
cles was substantial at HTR, resulting in substantial blood-flow
overestimation. Spillover and cardiac motion correction will be
investigated in the future. For the lungs, we used a single right-
ventricle input function and neglected the normally small contribu-
tion from the bronchial circulation. Dual-input modeling may be
required in lung tumors, where the bronchial fraction is nonnegligi-
ble (74). The kidneys have complex vasculature, and additional
technical considerations, such as partial-volume effect and blood-flow
heterogeneity (55), may be required to better model their unique anat-
omy and vascular transport mechanisms. Lastly, dispersion correction
may be required for tissues that are considerably distal to the image-
derived arterial input function.
This study had limitations. First, the sample size of participants

scanned with both 18F-FDG and 11C-butanol was small in this
pilot study. Instead, the validity of our 18F-FDG blood-flow mea-
surements was supported by additional analyses of 34 additional
healthy participants. Additional subjects who underwent PET
scans with both radiotracers will be analyzed in future studies.
Second, participants were not recruited specifically for validation
of 18F-FDG blood flow. One participant from the dual-tracer group
was suspected of having physiologic differences between 11C-butanol
and 18F-FDG scans. Future studies will better account for physiologic
confounds by measuring CO2 partial pressure, O2 partial pressure,
and heart rate, among others. Lastly, validation is required in patients
with major diagnosed blood-flow defects, such as peripheral, carotid,
or coronary artery disease.

CONCLUSION

We developed an early dynamic 18F-FDG PET method with
HTR kinetic modeling for total-body blood-flow imaging. Using
the ubiquitous 18F-FDG radiotracer for blood-flow imaging may
mitigate the need for a costly and practically challenging flow-tracer

TABLE 1
18F-FDG Early Kinetics Across Healthy Participants with AATH Model (n 5 34)

Tissue region Blood flow (mL/min/cm3) K1 (mL/min/cm3) Extraction fraction vb (mL/cm3) Tc (s)

Cortical GM 0.507 6 0.122 0.136 6 0.018 0.278 6 0.046 0.036 6 0.006 4.4 6 0.9

White matter 0.165 6 0.041 0.066 6 0.009 0.416 6 0.061 0.018 6 0.003 6.9 6 1.4

Subcortical GM 0.461 6 0.128 0.143 6 0.019 0.327 6 0.069 0.033 6 0.005 4.6 6 1.5

Brain stem 0.339 6 0.087 0.125 6 0.015 0.386 6 0.082 0.030 6 0.005 5.6 6 1.8

Cerebellum 0.447 6 0.104 0.145 6 0.016 0.336 6 0.052 0.037 6 0.005 5.1 6 1.0

Spleen 1.676 6 0.484 1.204 6 0.404 0.728 6 0.151 0.166 6 0.064 6.5 6 3.3

Renal cortex 1.938 6 0.402 0.657 6 0.091 0.348 6 0.065 0.318 6 0.039 10.1 6 1.7

Skeletal muscle 0.039 6 0.013 0.034 6 0.012 0.890 6 0.048 0.017 6 0.004 29.1 6 8.3

Bone marrow 0.136 6 0.046 0.130 6 0.046 0.954 6 0.051 0.053 6 0.018 24.6 6 9.0

Lungs 2.031 6 0.639 0.072 (0.059–0.134)* 0.041 (0.033–0.067)* 0.143 6 0.031 4.4 6 0.8

*Values are expressed as median with interquartile range in parentheses as a result of 2 measurements shifting distribution
(Supplemental Fig. 7).

AATH 5 adiabatic approximation to tissue homogeneity; GM 5 gray matter.
Data are expressed as mean 6 SD unless otherwise noted.
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PET scan. In combination with standard 18F-FDG PET methods for
glucose metabolic imaging, our proposed method may allow effi-
cient single-tracer imaging of blood flow and metabolism, resulting
in lower radiation exposure to the patient, shorter scan times, fewer
infrastructural requirements, and lower costs. Our method may be
generally applicable to other radiotracers, broadening the possibility
of single-tracer multiparametric imaging from a single dynamic
PET scan.
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KEY POINTS

QUESTION: Can HTR early dynamic 18F-FDG PET kinetic analysis
be used for total-body blood-flow imaging?

PERTINENT FINDINGS: Blood-flow estimates between 18F-FDG
and gold standard 11C-butanol PET in the same participants
showed good quantitative agreement across the body. Regional
blood-flow measurements with the proposed early dynamic
18F-FDG PET method in 34 healthy participants were within
well-established reference ranges in tissues across the body.

IMPLICATIONS FOR PATIENT CARE: Total-body blood-flow
imaging can be performed with the widely available 18F-FDG
radiotracer, possibly mitigating the need for a dedicated flow
radiotracer and expanding opportunities to efficiently study
blood flow and glucose metabolism in combination with standard
18F-FDG metabolic imaging methods.

REFERENCES

1. Miles KA, Williams RE. Warburg revisited: imaging tumour blood flow and
metabolism. Cancer Imaging. 2008;8:81–86.

2. Verfaillie SCJ, Adriaanse SM, Binnewijzend MAA, et al. Cerebral perfusion and
glucose metabolism in Alzheimer’s disease and frontotemporal dementia: two sides
of the same coin? Eur Radiol. 2015;25:3050–3059.

3. Anagnostopoulos C, Georgakopoulos A, Pianou N, Nekolla SG. Assessment of
myocardial perfusion and viability by positron emission tomography. Int J Cardiol.
2013;167:1737–1749.

4. Li EJ, L�opez JE, Spencer BA, et al. Total-body perfusion imaging with [11C]-butanol.
J Nucl Med. 2023;64:1831–1838.

5. Knuuti J, Tuisku J, K€arpijoki H, et al. Quantitative perfusion imaging with total-
body PET. J Nucl Med. 2023;64(suppl 2):11S–19S.

6. Herscovitch P, Raichle ME, Kilbourn MR, Welch MJ. Positron emission tomo-
graphic measurement of cerebral blood flow and permeability-surface area

product of water using [15O]water and [11C]butanol. J Cereb Blood Flow Metab.
1987;7:527–542.

7. Jochumsen MR, Christensen NL, Iversen P, Gormsen LC, Sørensen J, Tolbod LP.
Whole-body parametric mapping of tumour perfusion in metastatic prostate cancer
using long axial field-of-view [15O]H2O PET. Eur J Nucl Med Mol Imaging. 2024;
51:4134–4140.

8. Slart RHJA, Martinez-Lucio TS, Boersma HH, et al. [15O]H2O PET: potential or
essential for molecular imaging? Semin Nucl Med. 2023;54:761–773.

9. Dewey M, Siebes M, Kachelrieß M, et al.; Quantitative Cardiac Imaging Study
Group. Clinical quantitative cardiac imaging for the assessment of myocardial
ischaemia. Nat Rev Cardiol. 2020;17:427–450.

10. Mullani NA, Herbst RS, O’Neil RG, Gould KL, Barron BJ, Abbruzzese JL. Tumor
blood flow measured by PET dynamic imaging of first-pass 18F-FDG uptake: a
comparison with 15O-labeled water-measured blood flow. J Nucl Med. 2008;49:
517–523.

11. Winterdahl M, Munk OL, Sørensen M, Mortensen FV, Keiding S. Hepatic blood
perfusion measured by 3-minute dynamic 18F-FDG PET in pigs. J Nucl Med.
2011;52:1119–1124.

12. Zuo Y, L�opez JE, Smith TW, et al. Multiparametric cardiac 18F-FDG PET in
humans: pilot comparison of FDG delivery rate with 82Rb myocardial blood flow.
Phys Med Biol. 2021;66:155015.

13. Feng T, Zhao Y, Shi H, et al. Total-body quantitative parametric imaging of early
kinetics of 18F-FDG. J Nucl Med. 2021;62:738–744.

14. Huisman MC, Van Golen LW, Hoetjes NJ, et al. Cerebral blood flow and glucose
metabolism in healthy volunteers measured using a high-resolution PET scanner.
EJNMMI Res. 2012;2:63.

15. Hasselbalch SG, Knudsen GM, Holm S, Hageman LP, Capaldo B, Paulson OB.
Transport of D-glucose and 2-fluorodeoxyglucose across the blood-brain barrier in
humans. J Cereb Blood Flow Metab. 1996;16:659–666.

16. Larson KB, Markham J, Raichle ME. Tracer-kinetic models for measuring cerebral
blood flow using externally detected radiotracers. J Cereb Blood Flow Metab.
1987;7:443–463.

17. St Lawrence KS, Lee T-Y. An Adiabatic approximation to the tissue homogeneity
model for water exchange in the brain: I. Theoretical derivation. J Cereb Blood
Flow Metab. 1998;18:1365–1377.

18. Quarles RP, Mintun MA, Larson KB, Markham J, MacLeod AM, Raichle ME.
Measurement of regional cerebral blood flow with positron emission tomography:
a comparison of [15O]water to [11C]butanol with distributed-parameter and com-
partmental models. J Cereb Blood Flow Metab. 1993;13:733–747.

19. Muzic RF, Saidel GM. Distributed versus compartment models for PET receptor
studies. IEEE Trans Med Imaging. 2003;22:11–21.

20. Cherry SR, Jones T, Karp JS, Qi J, Moses WW, Badawi RD. Total-body PET:
maximizing sensitivity to create new opportunities for clinical research and patient
care. J Nucl Med. 2018;59:3–12.

21. Badawi RD, Shi H, Hu P, et al. First human imaging studies with the EXPLORER
total-body PET scanner. J Nucl Med. 2019;60:299–303.

22. Spencer BA, Berg E, Schmall JP, et al. Performance evaluation of the uEX-
PLORER total-body PET/CT scanner based on NEMA NU 2-2018 with additional
tests to characterize PET scanners with a long axial field of view. J Nucl Med.
2021;62:861–870.

23. Zhang X, Cherry SR, Xie Z, Shi H, Badawi RD, Qi J. Subsecond total-body imag-
ing using ultrasensitive positron emission tomography. Proc Natl Acad Sci USA.
2020;117:2265–2267.

24. Wang Y, Spencer BA, Schmall J, et al. High-temporal-resolution lung kinetic
modeling using total-body dynamic PET with time-delay and dispersion correc-
tions. J Nucl Med. 2023;64:1154–1161.

25. Larsson HBW, Law I, Andersen TL, et al. Brain perfusion estimation by
Tikhonov model-free deconvolution in a long axial field of view PET/CT scanner
exploring five different PET tracers. Eur J Nucl Med Mol Imaging. 2024;51:
707–720.

26. Calabr�o A, Abdelhafez YG, Triumbari EKA, et al. 18F-FDG gallbladder
uptake: observation from a total-body PET/CT scanner. BMC Med Imaging.
2023;23:9.

27. Zuo Y, Sarkar S, Corwin MT, Olson K, Badawi RD, Wang G. Structural and prac-
tical identifiability of dual-input kinetic modeling in dynamic PET of liver inflam-
mation. Phys Med Biol. 2019;64:175023.

28. Chung KJ, Abdelhafez YG, Spencer BA, et al. Quantitative PET imaging and
modeling of molecular blood-brain barrier permeability. Nat Commun. 2025;16:
3076.

29. Gunn RN, Lammertsma AA, Hume SP, Cunningham VJ. Parametric imaging of
ligand-receptor binding in PET using a simplified reference region model. Neuro-
image. 1997;6:279–287.

30. Sourbron SP, Buckley DL. Tracer kinetic modelling in MRI: estimating perfusion
and capillary permeability. Phys Med Biol. 2012;57:R1.

TOTAL-BODY FDG-PET BLOOD-FLOW IMAGING � Chung et al. 7

http://Biorender.com
https://smart.servier.com


31. Chung KJ, De Sarno D, Lee T-Y. Quantitative functional imaging with CT perfu-
sion: technical considerations, kinetic modeling, and applications. Front Phys.
2023;11:1246973.

32. Lawson CL, Hanson RJ. Solving Least Squares Problems. Philadelphia: SIAM;
1995:158–173.

33. Knapp WH, Helus F, Oberdorfer F, et al. 11C-butanol for imaging of the
blood-flow distribution in tumor-bearing animals. Eur J Nucl Med. 1985;10:
540–548.

34. Volpi T, Maccioni L, Colpo M, et al. An update on the use of image-derived input
functions for human PET studies: new hopes or old illusions? EJNMMI Res. 2023;
13:97.

35. Sari H, Mingels C, Alberts I, et al. First results on kinetic modelling and
parametric imaging of dynamic 18F-FDG datasets from a long axial FOV
PET scanner in oncological patients. Eur J Nucl Med Mol Imaging. 2022;49:
1997–2009.

36. Fedorov A, Beichel R, Kalpathy-Cramer J, et al. 3D Slicer as an image computing
platform for the Quantitative Imaging Network. Magn Reson Imaging. 2012;30:
1323–1341.

37. Sundar LKS, Yu J, Muzik O, et al. Fully automated, semantic segmentation of
whole-body 18F-FDG PET/CT images based on data-centric artificial intelligence.
J Nucl Med. 2022;63:1941–1948.

38. Hammers A, Allom R, Koepp MJ, et al. Three-dimensional maximum probability
atlas of the human brain, with particular reference to the temporal lobe. Hum Brain
Mapp. 2003;19:224–247.

39. Otsu N. A threshold selection method from gray-level histograms. IEEE Trans Syst
Man Cybern. 1979;9:62–66.

40. Modat M, Cash DM, Daga P, Winston GP, Duncan JS, Ourselin S. Global image
registration using a symmetric block-matching approach. J Med Imaging (Belling-
ham). 2014;1:024003.

41. Wang G, Qi J. PET image reconstruction using kernel method. IEEE Trans Med
Imaging. 2015;34:61–71.

42. Wang G, Nardo L, Parikh M, et al. Total-body PET multiparametric imaging of
cancer using a voxelwise strategy of compartmental modeling. J Nucl Med. 2022;
63:1274–1281.

43. Akaike H. A new look at the statistical model identification. IEEE Trans Autom
Control. 1974;19:716–723.

44. Bland JM, Altman DG. Statistical methods for assessing agreement between two
methods of clinical measurement. Lancet. 1986;327:307–310.

45. Leenders KL, Perani D, Lammertsma AA, et al. Cerebral blood flow, blood
volume and oxygen utilization: normal values and effect of age. Brain. 1990;
113:27–47.

46. Berridge MS, Adler LP, Nelson AD, et al. Measurement of human cerebral blood
flow with [15O]butanol and positron emission tomography. J Cereb Blood Flow
Metab. 1991;11:707–715.

47. Herzog H, Seitz RJ, Tellmann L, et al. Quantitation of regional cerebral blood flow
with 15O-butanol and positron emission tomography in humans. J Cereb Blood
Flow Metab. 1996;16:645–649.

48. Martin WR, Raichle ME. Cerebellar blood flow and metabolism in cerebral hemi-
sphere infarction. Ann Neurol. 1983;14:168–176.

49. Gaillard WD, Zeffiro T, Fazilat S, DeCarli C, Theodore WH. Effect of valproate
on cerebral metabolism and blood flow: an 18F-2-deoxyglusose and 15O water posi-
tron emission tomography study. Epilepsia. 1996;37:515–521.

50. Warnert EA, Harris AD, Murphy K, et al. In vivo assessment of human brainstem
cerebrovascular function: a multi-inversion time pulsed arterial spin labelling
study. J Cereb Blood Flow Metab. 2014;34:956–963.

51. Kahn D, Weiner G, Ben-Haim S, et al. Positron emission tomographic measure-
ment of bone marrow blood flow to the pelvis and lumbar vertebrae in young
normal adults. Blood. 1994;83:958–963.

52. Bertoldo A, Peltoniemi P, Oikonen V, Knuuti J, Nuutila P, Cobelli C. Kinetic
modeling of [18F]FDG in skeletal muscle by PET: a four-compartment five-rate-
constant model. Am J Physiol Endocrinol Metab. 2001;281:E524–E536.

53. Taniguchi H, Yamaguchi A, Kunishima S, et al. Using the spleen for time-delay
correction of the input function in measuring hepatic blood flow with oxygen-15
water by dynamic PET. Ann Nucl Med. 1999;13:215–221.

54. Oguro A, Taniguchi H, Koyama H, et al. Quantification of human splenic blood
flow (quantitative measurement of splenic blood flow with H2 15O and a dynamic
state method: 1). Ann Nucl Med. 1993;7:245–250.

55. Kudomi N, Koivuviita N, Liukko KE, et al. Parametric renal blood flow imaging
using [15O]H2O and PET. Eur J Nucl Med Mol Imaging. 2009;36:683–691.

56. Hopkins SR, Wielp€utz MO, Kauczor H-U. Imaging lung perfusion. J Appl Physiol.
2012;113:328–339.

57. Matsunaga K, Yanagawa M, Otsuka T, et al. Quantitative pulmonary blood flow
measurement using 15O-H2O PET with and without tissue fraction correction: a
comparison study. EJNMMI Res. 2017;7:102.

58. Schuster DP, Kaplan JD, Gauvain K, Welch MJ, Markham J. Measurement of
regional pulmonary blood flow with PET. J Nucl Med. 1995;36:371–377.

59. Ibaraki M, Ito H, Shimosegawa E, et al. Cerebral vascular mean transit time in
healthy humans: a comparative study with PET and dynamic susceptibility
contrast-enhanced MRI. J Cereb Blood Flow Metab. 2007;27:404–413.

60. Biffar A, Sourbron S, Schmidt G, et al. Measurement of perfusion and permeability
from dynamic contrast-enhanced MRI in normal and pathological vertebral bone
marrow.Magn Reson Med. 2010;64:115–124.

61. Kershaw LE, Buckley DL. Precision in measurements of perfusion and microvas-
cular permeability with T1-weighted dynamic contrast-enhanced MRI.Magn Reson
Med. 2006;56:986–992.

62. Zhu B, Wang C, Gao J, Liu H, Li N, Teng Y. CT perfusion imaging of the liver
and the spleen can identify severe portal hypertension. Abdom Radiol (NY). 2024;
49:1084–1091.

63. Sauter AW, Feldmann S, Spira D, et al. Assessment of splenic perfusion in patients
with malignant hematologic diseases and spleen involvement, liver cirrhosis and
controls using volume perfusion CT (VPCT). Acad Radiol. 2012;19:579–587.

64. Sourbron SP, Michaely HJ, Reiser MF, Schoenberg SO. MRI-measurement of per-
fusion and glomerular filtration in the human kidney with a separable compartment
model. Invest Radiol. 2008;43:40–48.

65. Eikefjord E, Andersen E, Hodneland E, et al. Use of 3D DCE-MRI for the estima-
tion of renal perfusion and glomerular filtration rate: an intrasubject comparison of
FLASH and KWIC with a comprehensive framework for evaluation. AJR. 2015;
204:W273–W281.

66. Ohno Y, Hatabu H, Murase K, et al. Quantitative assessment of regional pulmo-
nary perfusion in the entire lung using three-dimensional ultrafast dynamic
contrast-enhanced magnetic resonance imaging: preliminary experience in 40 sub-
jects. J Magn Reson Imaging. 2004;20:353–365.

67. Giardino ND, Friedman SD, Dager SR. Anxiety, respiration, and cerebral blood flow:
implications for functional brain imaging. Compr Psychiatry. 2007;48:103–112.

68. Van Den Bergh O, Zaman J, Bresseleers J, Verhamme P, Van Diest I. Anxiety,
pCO2 and cerebral blood flow. Int J Psychophysiol. 2013;89:72–77.

69. Kershaw LE, Cheng HM. Temporal resolution and SNR requirements for accurate
DCE-MRI data analysis using the AATH model. Magn Reson Med. 2010;64:
1772–1780.

70. Li S, Wang G. Deep kernel representation for image reconstruction in PET. IEEE
Trans Med Imaging. 2022;41:3029–3038.

71. Ottoy J, Verhaeghe J, Niemantsverdriet E, et al. 18F-FDG PET, the early phases and
the delivery rate of 18F-AV45 PET as proxies of cerebral blood flow in Alzheimer’s
disease: validation against 15O-H2O PET. Alzheimers Dement. 2019;15:1172–1182.

72. Wang G, Corwin MT, Olson KA, Badawi RD, Sarkar S. Dynamic PET of human
liver inflammation: impact of kinetic modeling with optimization-derived dual-
blood input function. Phys Med Biol. 2018;63:155004.

73. Poisson J, Lemoinne S, Boulanger C, et al. Liver sinusoidal endothelial cells: phys-
iology and role in liver diseases. J Hepatol. 2017;66:212–227.

74. Wang Y, Abdelhafez YG, Spencer BA, et al. High-temporal-resolution kinetic
modeling of lung tumors with dual-blood input function using total-body dynamic
PET. J Nucl Med. 2024;65:714–721.

8 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 00 � No. 00 � XXX 2025


