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Total-Body Perfusion Imaging with [''C]-Butanol

Elizabeth J. Lil, Javier E. Lépezz, Benjamin A. Spencerl, Yasser Abdelhafez3, Ramsey D. Badawi'? , Guobao Wang3 , and

Simon R. Cherry'~

! Department of Biomedical Engineering, UC Davis, Davis, California; Department of Internal Medicine, Division of Cardiovascular
Medicine, UC Davis Health, UC Davis, Sacramento, California; and j;Departn'zent of Radiology, UC Davis Health, UC Davis,

Sacramento, California

Tissue perfusion can be affected by physiology or disease. With the
advent of total-body PET, quantitative measurement of perfusion
across the entire body is possible. [''C]-butanol is a perfusion tracer
with a superior extraction fraction compared with ['°O]-water and
['®NJ-ammonia. To develop the methodology for total-body perfusion
imaging, a pilot study using [''C]-butanol on the UEXPLORER total-
body PET/CT scanner was conducted. Methods: Eight participants
(6 healthy volunteers and 2 patients with peripheral vascular disease
[PVD]) were injected with a bolus of [''C]-butanol and underwent
30-min dynamic acquisitions. Three healthy volunteers underwent
repeat studies at rest (baseline) to assess test-retest reproducibility;
1 volunteer underwent paired rest and cold pressor test (CPT) studies.
Changes in perfusion were measured in the paired rest-CPT study.
For PVD patients, local changes in perfusion were investigated and
correlated with patient medical history. Regional and parametric
kinetic analysis methods were developed using a 1-tissue compart-
ment model and leading-edge delay correction. Results: Estimated
baseline perfusion values ranged from 0.02 to 1.95mL-min”~"-cm ™3
across organs. Test-retest analysis showed that repeat baseline per-
fusion measurements were highly correlated (slope, 0.99; Pearson
r = 0.96, P < 0.001). For the CPT subject, the largest regional
increases were in skeletal muscle (psoas, 142%) and the myocardium
(64%). One of the PVD patients showed increased collateral vessel
growth in the calf because of a peripheral stenosis. Comorbidities
including myocardial infarction, hypothyroidism, and renal failure were
correlated with variations in organ-specific perfusion. Conclusion:
This pilot study demonstrates the ability to obtain reproducible mea-
surements of total-body perfusion using [''C]-butanol. The methods
are sensitive to local perturbations in flow because of physiologic
stressors and disease.

Key Words: dynamic PET; kinetic modeling; perfusion and blood flow;
['C]-butanol; total-body PET
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Perfusion imaging using PET has been clinically used to assess
single-organ, flow-related diseases such as cerebral stroke and
myocardial ischemia (/,2). With the advent of total-body PET/CT,
blood flow to all tissues in the body can be measured simulta-
neously, along with the image-derived input function (IDIF). This
allows quantitative total-body perfusion measurements to be made
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with minimal invasiveness. Tissues of interest across the body
have a range of perfusion values. However, commonly used tra-
cers such as ['°O]-water, [¥?Rb]-RbCl, and ['*N]-ammonia under-
estimate perfusion as flow increases because of their flow- and
tissue-dependent extraction fraction (3—5). This is a challenge for
measuring high flow rates, which can occur either inherently in
some organs or in response to an external pressor, such as exer-
cise, injection of adenosine, or increased partial pressure of CO,
(2,3,6). Thus, accurate perfusion measurements require a highly
extracted tracer that can be used to quantify perfusion over the
range encountered in the human body in health and disease.

Butanol, labeled with ''C or 30, has been used as a perfusion
agent in both human (3,7) and preclinical (8,9) settings. It has the
key advantage of having an approximately 100% extraction fraction
in the brain for flows at least as high as 1.7 mL-min~'-g~! (4). Fur-
thermore, labeling with ''C reduces positron range blurring relative
to 1°0, 32Rb, and >N (10) and, with its longer half-life, gives
a wider time window to accommodate delays in administration.
However, the metabolism- and tissue-dependent permeability of
[1'C]-butanol presents challenges. [!'C]-butanol is metabolized in a
manner similar to ethanol (9). Metabolism mainly occurs in the
liver, where alcohol dehydrogenases break down ['!C]-butanol into
[''C]-butyric aldehyde and ['!'C]-butyric acid, the latter of which
can undergo B-oxidation to form [''C]-CO, (9). Because these
metabolites do not significantly affect the first-pass kinetics of
[1!C]-butanol (9), it is possible to perform first-pass perfusion imag-
ing of the entire body without the need for metabolite correction.

Because of the short acquisition time (AT), the improved sensi-
tivity and extended axial field of view of total-body PET (//) are
vital to multiorgan first-pass perfusion imaging with freely diffus-
ible and reversible tracers such as ['!C]-butanol and ['°O]-water.
In this work, we focused on developing a reliable methodology for
quantifying perfusion across the body using kinetic modeling and
demonstrating that these methods are sensitive to indications that
alter perfusion. Baseline studies were conducted to establish the
modeling approach and to determine quantitative perfusion values
in a range of tissues. Reproducibility was assessed through resting
test—retest studies. The sensitivity of the methods to changes in
perfusion was assessed in 1 subject through a rest—stress paradigm
generated via the cold pressor test (CPT) and by assessing regional
ischemia and visualization of comorbidities in patients with
peripheral vascular disease (PVD). These examples illustrate a
few of the possible applications for total-body perfusion imaging.
Although the short half-life of ['!C]-butanol may not be ideal for
clinical use, it is an attractive tracer for systems-level physiologic
research and studies of systemic chronic medical conditions such
as heart, kidney, or liver failure. These methods can also be
applied to studies with ['3O]-water.
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MATERIALS AND METHODS

[''C]-Butanol Synthesis

[''C]-butanol was synthesized using an uninterrupted process
beginning with radioactive ['!C]-CO,, n-propyl magnesium chloride
(Grignard solution) in ether, lithium aluminum hydride, and hydro-
chloric acid. The 20-min in situ process simultaneously purified [!'C]-
butanol, formulated the final product solution, and sterilized and
filtered the product solution into the vial after synthesis completion.
Typical yields were 5,000 MBq (200-1,200 MBg/mL) at the end of
synthesis, obtained from 60,000 MBq of ['!C]-CO,. Radiochemical
purity was in the range of 91%-97%.

Data Acquisition

With Institutional Review Board approval and written informed
consent, 6 healthy volunteers (1 man, 5 women; body mass index,
20.9-30.4 kg/m?; age, 2364 y) and 2 patients with PVD (body mass
index, 27.5 and 28.4 kg/m?; 66-y-old man and 69-y-old woman, respec-
tively) were imaged on the uEXPLORER PET/CT scanner (United
Imaging Healthcare). A low-dose, total-body CT scan (140 kVp and
50 mAs with automatic dose modulation) was acquired for attenuation
and scatter correction before bolus injection of [''C]-butanol (mean,
281 MBq; range, 191-349 MBq). List-mode acquisitions on the uEX-
PLORER scanner (/1/) lasted about 30 min.

All 6 healthy volunteers received a baseline scan to measure resting
perfusion across the body. One baseline visit from each of the 6
healthy volunteers (baseline healthy volunteers [BHVs]) was used to
investigate total image-derived activity (TIDA) and optimize AT, as
well as to report baseline perfusion values. Three healthy volunteers
underwent a second baseline scan to assess test—retest reproducibility.
One healthy volunteer underwent a paired resting and CPT study to
measure effects of CPT. For subjects receiving 2 scans, visits occurred
within 2 wk (9.0 £ 3.4 d). PVD patients had a single resting scan.

For the CPT, foot therapy pads (Polar Products) were placed on
both feet before the CT acquisition. Starting after the CT scan but
about 60 s before the start of the PET acquisition, ice water was con-
tinuously pumped through the conformable boots for 5 min.

Image Reconstruction

Reconstruction software, provided by the vendor, was used to per-
form time-of-flight ordered-subset expectation maximization (20 sub-
sets and 4 iterations), with corrections for attenuation, scatter,
randoms, dead time, and decay (/2). No modeling of the point spread
function or smoothing after reconstruction was applied. Images were
reconstructed with 4.0 X 4.0 X 4.0 mm® voxels (matrix size, 150 X
150 X 486) and 57 frames (30 X 2, 12 X 5,6 X 10,4 X 30, and 5 X
300 s). The full 30-min dynamic reconstruction was used to measure
TIDA and thus assess tracer metabolism. Only the first 5 min were
used for kinetic modeling and perfusion estimation.

Region Delineation

Tissue time—activity curves were derived from 20 large or whole-
organ volumetric regions of interest (ROIs) using PMOD software
(PMOD Technologies), as listed in Supplemental Table 1 (supplemen-
tal materials are available at http://jnm.snmjournals.org). All bilateral
regions were drawn separately (e.g., left and right kidneys) and aver-
aged for kinetic modeling except for the deltoid, which demonstrated
high spillover from the vessels in the arm in which the bolus was
delivered; thus, only the contralateral deltoid was included. The CT
scan was used for initial ROI delineation. ROIs were modified to
account for the effects of subject motion in a tissue-dependent manner
(Supplemental Table 1) through 2 image visualization strategies: use
of a 0- to 5-min average PET image and avoidance of visible motion
or spillover effects in high-contrast frames.
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Volumetric ROIs were drawn in the descending aorta and the right
ventricle (RV) to measure the IDIFs. For ROI-based time-activity
curves, the descending aorta IDIF was used for all tissues except for the
lungs, where the RV IDIF was used, because the dominant lung blood
supply is via the pulmonary vein, not the bronchial artery (/3—/5). Para-
metric images were generated using the descending aorta IDIF for all
voxels except for lung voxels, where the RV IDIF was used instead
(supplemental materials, particularly Supplemental Fig. 1).

TIDA

Knapp et al. (9) found no metabolites in the blood during the first
pass of [''C]-butanol in a rabbit study. Because no blood sampling
was performed in this study, TIDA curves for ['!C]-butanol were mea-
sured to assess end metabolism of ['!C]-butanol (characterized by
expired ['!C]-CO, and loss of activity from the subject) during the
first few minutes of acquisition used for kinetic modeling. Total-body
PET can measure the total activity in the subject over time because the
whole body is within the field of view. TIDA for each PET image
frame m was defined as follows (/2):

TIDA(m) =V X Y Ai(m), Eq. 1
where V is the voxel volume (mL) and A4,(m) (MBg/mL) is the
decay-corrected activity concentration of voxel i in frame m. For
each study, TIDA(m) was normalized by injected dose. To account
for timing variation of the bolus delivery, delay correction was
performed on the TIDA curves using the leading-edge method
(16), with a 1% threshold of the RV time-activity curve.

Kinetic Modeling

Three models were used in this work: a O-tissue, 2-parameter model
(v and delay); a 1-tissue, 4-parameter (1T4P) model (v;, K, k», and
delay); and a 1-tissue, 6-parameter (1T6P) model (v,, K, k,, delay, dis-
persion, and fraction contributed from a second blood input function)
(17). v (mL-cm™>) is the blood volume fraction, K; (mL-min~'-cm™3)
represents perfusion, and k, (min~ ") represents the washout rate con-
stant from the tissue back into systemic circulation. The partition coeffi-
cient p is K/k,. After implementing leading-edge delay correction (/6),
modeling was performed using nonlinear least-squares fitting (18).

On the basis of preliminary fitting results and comparison of the
Akaike information criterion for 1T4P and 1T6P models (with correc-
tion for small sample size), a 1T4P model was implemented for all
ROI-based tissue time—activity curves except for the liver time—activity
curve, for which the 1T6P model was used to account for the portal
vein blood supply (Supplemental Table 2). No correction for lung tis-
sue fraction was applied. Parameter identifiability and AT were investi-
gated using these fixed models for ROI-based time—activity curves.

For parametric imaging, all 3 compartment models were considered
for each voxel time—activity curve, where the O-tissue, 2-parameter
and 1T6P models were used to account for the blood pool and liver,
respectively. Model selection was performed at the voxel level using
the Akaike information criterion with correction for small sample size
(supplemental materials).

AT

Because the Akaike information criterion depends on the number of
image frames, we first compared the Akaike information criterion for
each tissue with a constant AT of 180 s. After determining the most
appropriate model based on an AT of 180 s, we explored how AT, or
the delay-corrected total time of the time-activity curve used for
kinetic modeling, affected the fitted parameters. Optimal AT was
guided by the stability of the mean K, v;, and p across ATs and the
magnitude of the SD, as well as their relation to previously published
literature values in Supplemental Table 3 (3,6,13,14,19-43). Time 0
was defined as the bolus arrival time in the ROI. ATs ranging from 60
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to 270 s in 30-s increments were studied across all baseline acquisi-
tions. For tissues that showed stability across ATs, 180 s was selected
as the default.

Parameter Estimation

Using the appropriate model and AT, kinetic parameter estimates
for ROI-based time—activity curves were obtained. Bilateral parameter
estimates in the lungs and kidneys, as well as parameter estimates in
most skeletal muscle regions (splenius capitis, psoas, thigh, and calf),
were averaged to give a single value for each tissue. An identifiability
analysis (44—47) for parameter identification also was performed (Sup-
plemental Table 4).

For voxelwise kinetic modeling, image data were smoothed (48).
An AT of 180 s was used with a leading-edge threshold of 7.5% to
correct for delay (/6) across all voxels. Further details are provided in
the supplemental materials, particularly Supplemental Figure 2 and
Supplemental Table 5.

Comparative Analysis

For the 3 BHV subjects with repeat scans, test—retest reproducibility
was assessed first using Pearson 7. A 1-sample Kolmogorov—Smirnov
test was used to assess normality. After determining normality, Bland—
Altman plots were generated with limits of agreement of 1.96 times the
SD. A significance level of 0.05 was used. Additional test-retest assess-
ments (the intraclass correlation coefficient and intrasubject coefficient
of variation) are included in the supplemental materials.

For the rest-CPT study, intrasubject regional parameter estimates
were compared. Assessments for the 2 PVD patients were made on
the basis of clinical history and comorbidities.

RESULTS

IDIFs and ROI-based time—activity curves showed consistency
in shape for a given tissue, whereas the magnitude varied across
subjects (Fig. 1A). The time—activity curves of the 2 PVD subjects
(Fig. 1A, red) were quite different in several tissues from those of
the healthy subjects and were different from each other, indicating
the heterogeneity of the perfusion patterns across disease states.

TIDA

As shown in Figure 1B, the normalized BHV TIDA curve
decreased slowly over the course of the 30-min acquisition (~10%
average drop overall), reflecting the expected loss of activity
through the exhalation of [!'C]-CO,. However, the curve remained
quite flat over the first 5 min of the study (Fig. 1B, inset), confirming
that metabolic losses of ''C in the form of ['!C]-CO, are negligible
for the ATs used for kinetic modeling and agreeing with previous
measurements in animal studies (9,49). A small positive bias
(<8%) was observed from 10 to 20s—a previously noted effect
that has been attributed to the injection of the bolus and small errors
in correction factors with rapidly changing tracer distribution (12).

Impact of AT on Parameter Estimates

Figure 2 shows the stability of BHV estimates of K, v, and p as
a function of the AT used for kinetic modeling for a subset of tis-
sues. For most tissues, parameters were stable across ATs or reached
stability by around 180-210 s after bolus arrival. A notable exception
was the kidney, where K; was inversely related to p across ATs.
Gray matter and skeletal muscle estimates of p were highly variable
at shorter ATs but showed stabilization at longer ATs.

Using data similar to those in Figure 2, optimal ATs for all tis-
sues were identified and fixed for each region for further analyses.
All subsequent fitting at the ROI level was performed with the
tissue-specific ATs listed in Table 1.

[''C]-BuranoL ToraL-Bopy PErFusioNn + Lietal.

Desc. aorta Gray matter Kidney
40 4 30
20 2
2 o " 0 0
> 0 50 100 0 50 100 0 50 100
g Psoas muscle Myocardium Pancreas
3 20 - 40 ——¥ocard 25
n
15 20
15
1.0
10
0.5 5
0.0 0
0 50 100 0 50 100
Time (s)
‘ — Baselne — CPT — PVD ‘

TIDA normalized to injected dose

127 . . . . .
1.1 8
1.0 8
0.9 B
0.8 il
0.7 8
‘ "o ‘ 50 100 150 200 250 300

0.6

0 200 400 600 800 1,000 1,200 1,400 1,600

Time (s)

FIGURE 1. (A) Representative [''C]-butanol time-activity curves (0-
150s) for subset of tissue types. (B) Normalized TIDA (mean = SD) for
BHV 30-min dynamic acquisitions. Desc. = descending.

Baseline Parameter Estimates in Healthy Volunteers

When the optimal AT was used (Table 1), all tissues except for
the liver were fit with the 1T4P model, whereas the liver was fit
with the 1T6P model (Supplemental Table 2). The leading-edge
method failed to provide reasonable delay estimates for the liver;
thus, delay correction in the liver was performed using joint estima-
tion. The BHV results (Table 1, bold; Fig. 3) demonstrate the range
of perfusion values (K;) found across organs and tissues. One
healthy subject showed abnormally low hepatic perfusion; after fur-
ther investigation of the CT image, fatty infiltration of the liver was
noted. Thus, the liver values for this subject were excluded from
Table 1 and Figure 3. Tissue-specific BHV parameter estimates
were compared with previously published literature values for indi-
vidual organs (mostly obtained using ['*O]-water) as listed in Sup-
plemental Table 3. Values were generally in good agreement,
although direct comparison is difficult because of differences in the
tracer used, modeling methodology, and imaging technology.

Test-Retest Assessments

Correlation analysis of the 3 test-retest subjects showed good agree-
ment of K; (Fig. 4A; slope, 0.99; » = 0.96, P < 0.001), v, (Fig. 4B;
slope, 0.90; » = 0.92, P < 0.001), and delay (slope, 0.95; » = 0.94,
P < 0.001) across all 16 tissue types, where the muscle regions were
averaged. The partition coefficient p was also in agreement between
visits (slope, 0.90; » = 0.91, P < 0.001). The Kolmogorov—Smirnov

1833



K7 (mL-min-'-cm?) 173 14
25 0.30 175
20 0.25 1.50
0.20 1.25
1.5
1.00
0.15
1.0 0.75
0.10
0.50
0.5
00 sssssssa | 025
0.0 0.00 0.00
100 200 300 100 200 300 100 200
Acquisition time (s) Acquisition time (s) Acquisition time (s)

300

0.04mL-min~'-cm™? in the calves to 0.10
mL-min~"-cm ™2 in the deltoid. Regionally,
the highest increase with CPT was in the
psoas (142%), followed by the thigh mus-

—&— Gray matter cles (137%), deltoid (111%), splenius capi-
T Kney el | tis (106%), and calf muscles (71%). An
—&— Myocardium increase in perfusion also was observed in

the myocardium (rest, 1.48 mL-min~ "
cem™3; CPT, 2.43 mL-min71~cm73). There
was also a small increase in gray matter K
(rest, 0.47 mL-min~'-cm~>; CPT, 0.56 mL-
min~'-cm?). Thyroid perfusion showed a

FIGURE 2.
activity curves across ATs of 60-270's in 30-s increments.

tests of the data showed a lack of normality, whereas the log-
transformed data showed normality (Fig. 4). There were a range of
intrasubject coefficient of variation and intraclass correlation coeffi-
cient values of K across organs (Supplemental Table 6).

Parametric Imaging

The dynamic ['!C]-butanol data were of sufficient quality to
produce low-noise parametric maps across the whole body. A rep-
resentative baseline study is shown in Figure 5.

Effects of CPT

Compared with the corresponding resting scan, large increases
in perfusion were observed after CPT in skeletal muscle, for which
average K, increased from 0.06 to 0.14mL-min~"-cm®. The over-
all range of K; after CPT was 0.07 mL-min~'-cm > in the calves
to 0.21 mL-min~'-cm™> in the deltoid. At rest, K, ranged from

Impact of AT on BHV parameter estimates (mean = SD) as assessed by fitting time—

large decrease (rest, 1.64mL-min~"-cm™>;

CPT, 0.92mL-min""-cm ™). For the pan-

creas, spleen, and thyroid, v;, was lower for
the CPT study. Regional differences from BHVs are shown in Sup-
plemental Figure 3. There were also reductions in delay estimates
of 1-3 s with CPT except for in the lungs, which showed the same
delay estimate for both acquisitions.

These trends are visible in the parametric images (Fig. 6).
Figure 6A shows changes in parametric K; images of the brain
(increase in K, in gray matter and decrease in white matter).
Short-axis, horizontal long-axis, and vertical long-axis views of
the myocardium (Fig. 6B) and axial views of skeletal muscles in
the thighs (Fig. 6C) show increased K.

PVD Patients

Results for the 2 PVD patients are shown in Figure 7. Patient 1
had a chronic and symptomatic left popliteal arterial stenosis and a
prior myocardial infarction (Fig. 7A). Downstream of the popliteal
stenosis, parametric assessment revealed an area of increased

TABLE 1
Tissue-Specific BHV Parameters (n = 6)
Category Tissue AT (s) LE threshold (%) Delay (s) K Vp P
Brain Gray matter 180 1.75 4.50 (0.84) 0.60 (0.14) 0.034 (0.008) 0.80 (0.04)
White matter 180 2.00 4.67 (0.82) 0.27 (0.05) 0.016 (0.004) 0.65 (0.05)
Intestines Large intestine 180 2.00 5.50 (2.74) 0.11 (0.02) 0.009 (0.008) 0.40 (0.11)
Small intestine 180 2.00 7.00 (1.10) 0.35(0.06) 0.039 (0.012) 1.18 (0.36)
Kidneys 90 1.50 4.92 (0.80) 1.95(0.16) 0.185 (0.040) 0.91 (0.11)
Liver* 120 — 1.17 (1.33) 1.23 (0.36) 0.026 (0.054) 1.80 (0.43)
Lungs 60 2.50 3.50 (0.63) 1.72(0.32) 0.089 (0.043) 0.16 (0.02)
Skeletal muscle’ 240 (33) 3.56 8.50 (1.85) 0.05(0.02) 0.003 (0.002) 1.71 (1.70)
Marrow and bone  Red marrow 180 2.00 2.17 (0.98) 0.18 (0.07) 0.009 (0.005) 0.67 (0.13)
Trabecular bone 180 1.00 2.17 (2.56) 0.02 (0.01) 0.000 (0.001) 0.17 (0.13)
Cortical bone 180 1.00 8.50 (3.94) 0.03 (0.01) 0.002 (0.002) 0.24 (0.12)
Myocardium 180 0.25 -3.17 (0.75) 1.34 (0.38) 0.232 (0.034) 0.88 (0.06)
Pancreas 120 3.00 5.00 (1.10) 1.26 (0.60) 0.096 (0.052) 0.93 (0.10)
Spleen 90 2.00 4.50 (0.55) 1.65(0.18) 0.086 (0.028) 1.04 (0.03)
Stomach 120 5.00 417 (2.79) 0.58 (0.15) 0.028 (0.020) 0.81 (0.32)
Thyroid 180 3.00 5.00 (2.10) 1.36 (0.34) 0.220 (0.151) 0.78 (0.22)
*n = 5 (see text).
TReported values are averaged.
LE = leading edge.
Data are mean followed by SD in parentheses. Units for K; are mL-min~'-cm ™2,
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perfusion, with a 70% increase in K; rela-
tive to the right calf (0.074 vs. 0.044 mL-
min~'-cm?). Average skeletal muscle K,
(0.11mL-min~"-cm %) was 146% higher
than in BHV studies. Figure 7A includes
myocardial short-axis, horizontal long-axis,
and vertical long-axis parametric images.
Whole myocardial perfusion for this PVD
patient was 29% lower than BHV results
(0.96 vs. 1.34mL-min" '-cm ™).

The influence of known comorbidities—
including renal failure, hypothyroidism, and
right ventricular dilation—of PVD patient 2
were reflected in the parametric K, image
(Fig. 7B) and the large regional differences
compared with those of BHVs (Supplemen-
tal Fig. 4). In the kidney and thyroid,
respectively, there were 85% and 71%
reductions in K; compared with BHV stud-
ies (0.30 vs. 1.95 and 0.39 vs. 1.36 mL-
min~'-cm™?). Patient 2 also had evidence
of pulmonary hypertension in prior imag-
ing studies (World Health Organization
grade 2) and exhibited low lung K;—with
a dilated RV—compared with those of
BHVs (94% drop; Supplemental Fig. 4).

DISCUSSION

We have presented methods and analyses
for dynamic [!!C]-butanol total-body PET
imaging to quantify tissue perfusion. An
advantage of total-body PET is that perfusion
and the tracer partition coefficient can be
estimated simultaneously in every organ and
tissue in the body (not possible with conven-
tional scanners because of the fast kinetics of
freely diffusible perfusion tracers). The high
detection sensitivity of total-body PET
allows high-quality, high-temporal-resolution
(2-s frames) data to better capture the tissue
time—activity curves and the input function,
along with the potential for voxelwise kinetic
modeling. Total ATs of approximately 5 min
are sufficient for bolus delivery and capture
of time-activity curves for all tissues and
organs in the body, which then can be used
to quantify perfusion using ROIs. An AT of
180s from bolus arrival was suitable for
most tissues. Average BHV parameter esti-
mates were in broad agreement with single-
organ literature values.

It is also possible to acquire whole-body
perfusion images on conventional scanners
with trapped perfusion tracers such as
['*N]-NH; and [®2Cu]-ethylglyoxal
bis(thiosemicarbazonato)copper(Il)  (43).
However, these tracers can have flow- or
tissue-dependent extraction, which may
make absolute quantification difficult
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model implemented in this work may not
be sufficient to estimate lung perfusion and
blood volume, because even with 2-s
frames, lung v, was underestimated relative
to previously published values (Supple-
mental Table 3). Further investigation with
a more complex model is likely necessary,
as recently shown for ['®F]-FDG (15).
With CPT, a heterogeneous response
across organs was observed as expected;
previous studies have shown that flow
increases in the myocardium (57), certain
regions of the cerebral cortex (52), liver
(53), and spleen (54), whereas blood flow
decreases in the kidneys (55). To our
knowledge, this is the first work to investi-
gate changes in skeletal muscle blood flow

with PET and CPT, especially across the

FIGURE 5. Example parametric images of 2 coronal slices (baseline). Grayscale bars have been

manually adjusted to allow visualization across full range of values.

across all tissue types and blood flow ranges encountered in the
body.

Baseline test-retest reproducibility in 3 healthy volunteers indi-
cated that estimates of perfusion, v,, and delay are all highly repro-
ducible (Pearson » > 0.9, P < 0.001) between visits. The K;
intrasubject coefficient of variation and intraclass correlation coeffi-
cient exhibited no clear pattern, although the kidney and spleen
showed a particularly low intraclass correlation coefficient (<0)
despite a high K. These highly perfused tissues may experience vari-
able K, because of normal changes in function throughout the day
(50) or stress-related effects linked to the imaging procedure. Esti-
mates of p for the lung demonstrate that the RV IDIF and 1T4P

entire body. CPT led to widespread
changes in perfusion relative to rest (Fig.
6) and average BHV (Supplemental Fig.
3). Furthermore, delay estimates were
shorter with CPT, indicative of an increased heart rate because of
sympathetic nervous system stimulation. Although conclusions can-
not be drawn from a single subject, the changes with CPT noted ear-
lier are greater than the baseline test-retest range (Fig. 4). This
demonstrates the sensitivity of total-body perfusion imaging with
[''C]-butanol in identifying multiorgan alterations in perfusion.
Similarly, larger changes in perfusion were observed in the PVD
patients than in BHVs (Supplemental Fig. 4). PVD is a heteroge-
neous condition, typically affecting multiple organs and accompa-
nied by other comorbidities. Both patients exhibited perfusion
patterns that are consistent with their clinical symptoms and histo-
ries. These results highlight the potential utility of total-body perfu-
sion 1imaging in assessing perfusion
patterns across the entire body in systemic

A

Stress Stress - Rest

0.65

K; (mL-min-t-cm3)

0.0

Stress
Stress

cardiovascular disease and support care-
fully designed imaging trials that can take
advantage of this methodology.

This study has several limitations. First,
full testing and validation of TIDA as a
surrogate for assessment of metabolism of
[''C]-butanol in humans is necessary through
measurement of circulating metabolites,
including ['!C]-CO, and ['!C]-bicarbonate.
Second, [''C]-butanol has not been exten-
sively used outside research applications in
the brain and myocardium. Direct compari-
son with [*O]-water (for which our methods
would also be applicable) would be helpful
in other tissues to assess the effects of tissue-
dependent permeability and the extent to
which tissues known to metabolize alcohols
(e.g., liver) or alcohol metabolites (e.g., mus-
cle) need to be considered when using first-
pass kinetic data to estimate perfusion. Third,

0.15

K; (mL-min-*-cm)
0.00

-0.05

Rest

the small positive TIDA bias present in early

Rest
- 0.0 0.3
0.0 — 2.2 K; (mL-min-1-cm-3)
K, (mL-min-1-cm-3)
FIGURE 6. Intrasubject comparison between rest and stress (CPT) parametric images of Kj.

Increases in gray matter (A), myocardial (B), and skeletal muscle (C) perfusion were observed with
CPT, relative to rest. (B) Short-axis (SA), horizontal long-axis (HLA), and vertical long-axis (VLA) views
show increased myocardial perfusion with CPT. (C) Similarly, axial cross section of thigh shows
increased K in specific muscle groups.
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frames of the acquisition may affect the IDIF
(and thereby introduce a small negative bias
in K;); thus, additional studies investigating
this bias are warranted. However, given the
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FIGURE 7. (A) Parametric Ky images of PVD in patient 1. Maximum intensity projection showed
increased perfusion in left calf, below popliteal occlusion (asterisk). Below, cross-sectional perfusion
image was obtained at dashed line and overlayed on CT. Short-axis (SA), horizontal long-axis (HLA),
and vertical long-axis (VLA) views show reduced perfusion at site of earlier myocardial infarction (arrow-
heads). (B) Perfusion image for PVD patient 2 showed several abnormalities—including enlarged RV
and low renal cortex perfusion (arrowheads)—relative to BHVs (Table 1; Supplemental Fig. 4).

established that these methods were sensi-
tive to changes in perfusion because of
physiologic challenge and disease. This
study sets the foundation for using total-
body perfusion imaging with ['!C]-butanol
in a range of physiologic research and in
studying systemic cardiovascular disease.
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small magnitude and short duration of this bias, effects are not
expected to be large, and similar effects are likely present in any
dynamic PET acquisition with short image frames.

Fourth, because of the limited number of enrolled subjects, known
heterogeneity of response to CPT challenges, and heterogeneous pre-
sentation of PVD, broader interpretations of perfusion differences or
their significance are not possible. Fifth, although subjects abstained
from caffeine 2 h before imaging, other factors may affect perfusion
estimates—such as recent exercise, time of day, and stress imposed
by the procedure—and thus may contribute to differences between
scans. It is therefore likely that close attention to these factors could
further improve test-retest reproducibility and reliability. Strategies
to allow a pair of studies (baseline—intervention) to be performed in
close succession (within 1 h) are being investigated.

Nonetheless, this work sets forth the methodology for dynamic
total-body [''C]-butanol imaging to quantify tissue perfusion. By
providing measurements of baseline values in healthy volunteers,
assessing test-retest reproducibility and reliability, and demon-
strating changes in perfusion under a challenge (CPT) or with dis-
ease (PVD), this study lays the groundwork for application of
total-body PET perfusion imaging in a range of physiologic
research and in systemic cardiovascular diseases.

CONCLUSION

In this pilot study, we conducted total-body studies using ['!C]-
butanol and developed analysis and kinetic modeling methodology
for ROI-based measurement and parametric imaging of perfusion
in all organs simultaneously. Reproducible measurements were
obtained from tissues throughout the body. In addition, this work

[''C]-BuranoL ToraL-Bopy PErFusioNn + Lietal.

KEY POINTS

QUESTION: Can [''C]-butanol be used for the assessment of
perfusion with total-body PET?

PERTINENT FINDINGS: Baseline perfusion measurements were
reproducible, and these methods were sensitive to variations in
perfusion because of physiologic perturbation and disease.

IMPLICATIONS FOR PATIENT CARE: Local changes and
heterogeneity of flow across organs may be indications of
disease. This study demonstrated that [''C]-butanol can be used
for quantitative assessment of perfusion through total-body PET,
with potential application for systemic cardiovascular disease.
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