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Whole-body PET/CT was performed using 124I-DPA-713, a radio-
ligand for the 18-kDa translocator protein (TSPO), to determine bio-

distribution and radiation dosimetry. Methods: Healthy subjects

aged 18–65 y underwent whole-body PET/CT either at 4, 24, and

48 h or at 24, 48, and 72 h after intravenous injection of 124I-DPA-
713. Time–activity curves were generated and used to calculate

organ time-integrated activity coefficients for each subject. The

resulting time-integrated activity coefficients provided input data
for calculation of organ absorbed doses and effective dose for each

subject using OLINDA. Subjects were genotyped for the TSPO poly-

morphism rs6971, and plasma protein binding of 124I-DPA-713 was

measured. Results: Three male and 3 female adults with a mean
age of 40 ± 19 y were imaged. The mean administered activity and

mass were 70.5 ± 5.1 MBq (range, 62.4–78.1 MBq) and 469 ± 34 ng

(range, 416–520 ng), respectively. There were no adverse or clini-

cally detectable pharmacologic effects in any of the 6 subjects. No
changes in vital signs, laboratory values, or electrocardiograms

were observed. 124I-DPA-713 cleared rapidly (4 h after injection)

from the lungs, with hepatic elimination and localization to the gas-
trointestinal tract. The mean effective dose over the 6 subjects was

0.459 ± 0.127 mSv/MBq, with the liver being the dose-limiting organ

(0.924 ± 0.501 mGy/MBq). The percentage of free radiotracer in

blood was approximately 30% at 30 and 60 min after injection.
Conclusion: 124I-DPA-713 clears rapidly from the lungs, with pre-

dominantly hepatic elimination, and is safe and well tolerated in

healthy adults.
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Macrophages are key components in chronic inflammatory
diseases and belong to the mononuclear phagocyte system. Acti-
vated macrophages are critical in several diseases, such as tuber-
culosis and sarcoidosis (1–3), and a radiopharmaceutical imaging
agent specific for macrophages would be clinically useful for the

management and monitoring of diseases with macrophage-associ-
ated inflammation.
The translocator protein (TSPO) is an 18-kDa transmitochondrial

membrane channel involved in cholesterol and other endogenous
ligand transport (4). We have previously applied radioiodinated DPA-
713 (N,N-diethyl-2-(4-methoxyphenyl)-5,7-dimethylpyrazolo[1,5-a]
pyrimidine-3-acetamide), a low-molecular-weight pyrazolopyrimi-
dine targeting TSPO, as an imaging agent for macrophage-associated
inflammation. Although several TSPO-specific radioligands have
been used to image inflammation (5–8), the short physical half-life
of 11C- and 18F-labeled radioligands (20.3 and 109.7 min, respec-
tively) enables visualization for only up to a few hours, which may
be inadequate for washout of the radiotracer from TSPO-expressing
healthy (e.g., pulmonary) tissues. Using experimental murine models
of Mycobacterium tuberculosis infection within lung, we previously
demonstrated that radioiodinated DPA-713 specifically accumulates
in CD68-positive macrophages and phagocytic cells within tuber-
culous lesions after 24 h and can clearly delineate macrophage-
associated pulmonary inflammation in live animals (9,10). More-
over, serial radioiodinated DPA-713 imaging correlated well with
the bactericidal activity of tuberculosis treatments in mice (10).
Here, we conducted the first, to our knowledge, studies on humans
to assess the biodistribution and radiation dosimetry of 124I-DPA-
713 using PET/CT. These studies are important for future clinical
translation of 124I-DPA-713 as an imaging biomarker for macro-
phage-associated inflammation.

MATERIALS AND METHODS

This study was performed under a U.S. Food and Drug Administra-
tion exploratory investigational new drug application. The study proto-

col was approved by the Johns Hopkins University Institutional Review
Board, and written informed was obtained from all subjects before

enrollment.

Human Subjects

From June 2015 to May 2017, 6 healthy volunteers (3 male and 3
female) between 18 and 65 y old were recruited from the Johns

Hopkins Hospitals (Table 1). The mean age of the subjects was 40 6
19 y. Prestudy evaluation and poststudy follow-up (performed within

25 d of administration of the radiotracer) included a medical history of
symptoms and a physical examination with vital signs, laboratory tests

(a complete blood count with differential and a comprehensive meta-
bolic panel to include blood urea nitrogen, creatinine, alkaline phos-

phatase, total bilirubin, and liver transaminase levels), and a screening
electrocardiogram. However, given that all electrocardiograms were nor-

mal after imaging, the protocol was modified to remove poststudy

Received Jan. 9, 2018; revision accepted Mar. 16, 2018.
For correspondence or reprints contact: Sanjay K. Jain, 1550 Orleans St.,

CRB-II, Room 1.09, Baltimore, MD 21287.
E-mail: sjain5@jhmi.edu
*Contributed equally to this work.
Published online Apr. 26, 2018.
COPYRIGHT© 2018 by the Society of Nuclear Medicine and Molecular Imaging.

124I-DPA-713 CLINICAL STUDIES • Foss et al. 1751

mailto:sjain5@jhmi.edu


electrocardiography for the last 2 subjects. The eligibility criteria in-

cluded a state of health as determined by a physician, as well as a
laboratory evaluation within 28 d before enrollment showing normal

liver function, a normal hemoglobin level ($12.0 g/dL for men,
$11.0 g/dL for women), a normal absolute neutrophil count (.1,000/

mm3), and a normal platelet count (.50,000/mm3). Female subjects
were screened for pregnancy and excluded if pregnant. Other exclusion

criteria included the current use of antiinflammatory medications, regu-
lar nicotine or alcohol use, or active substance abuse. Subjects who had

been treated with an investigational drug, investigational biologic, or
investigational therapeutic device within 30 d before radiotracer admin-

istration were also excluded.

TSPO SNP (rs6971) Genotyping

Genotyping was performed as described previously (11). Briefly,

whole blood from participants was collected and stored at 20�C. Ge-
nomic DNA was isolated from the whole blood using the PureGene

Blood Core Kit C (Qiagen) according to the manufacturer’s protocol
for DNA purification from compromised samples. Genotypes were

determined by performing polymerase chain reaction using the rs6971

TaqMan assay and the TaqMan Genotyping Master Mix (Applied
Biosystems).

Radiotracer Administration

All subjects were given potassium iodide tablets (130 mg/d · 8 d) for
thyroid blockade beginning 1 h before radiotracer injection. Vital signs

were assessed before and 10 min after injection, and again after imaging,
for any observable pharmacologic effects from radiotracer administra-

tion. 124I-DPA-713 was manufactured under current good manufacturing

practices by 3D Imaging, Ltd., according to the procedures de-
scribed by Wang et al. (12). Radiochemical purity was greater than

90%, and specific activity was greater than 74 GBq/mmol. Solution
volumes containing the target 74 MBq of activity ranged from 1.8 to

3.5 mL and were formulated in 20% ethanol in bicarbonate buffer,
pH 8–9, and used as received. Bolus injection through an antecubital

intravenous line was used for all subjects. A 10-mL sterile physio-
logic saline flush immediately followed tracer administration. A second

contralateral antecubital line was used to withdraw 6–8 mL of whole
blood 30 and 60 min after radiotracer injection for investigation of

plasma protein binding.

PET/CT Protocol

A Siemens Biograph mCT scanner, equipped with high-performance
lutetium oxyorthosilicate PET crystals and a CT component, was used to

image all subjects from skull vertex to thighs in a supine position. A

helical CT scan (120 kVp, 30 mAs reference, 0.5 s/rotation, 0.8 pitch)

was acquired and used for attenuation correction of the PET data and
anatomic coregistration to delineate organ boundaries. PET data were

acquired at 7 overlapping bed positions at each of 4 time points: 4 h
(n 5 3), 24 h (n 5 6), 48 h (n 5 6), and 72 h (n 5 3). Images were

acquired in 3-dimensional mode at 5 min per bed position and were
reconstructed as described previously (13), using 3-dimensional ordered-

subset expectation maximization with time of flight and a correction for
the prompt g-emissions by 124I. To obtain images in Bq/cm3, the scan-

ner was calibrated with a 20-cm-diameter, 20-cm-long 124I-NaI water
phantom using a Capintec CRC 15W dose calibrator with calibration

788 (14).

Time-Integrated Activity Coefficients (TIAC) and

Absorbed Dose

Absorbed dose was calculated using the MIRD S value methodol-
ogy (15) as implemented in the OLINDA/EXM software package

(second-generation software package developed by Dr. Michael
Stabin, Vanderbilt University) (16). The S value methodology provides

the absorbed dose to a target tissue as the sum of dose contributions
from all radioactivity-containing (source) tissues. The S value is usu-

ally obtained by a Monte Carlo simulation that is based on a standard
or reference geometry for the subject and on the decay characteristics

and emission spectrum of the radionuclide. S values for several source
and target tissue combinations and a large number of radionuclides

were previously incorporated into OLINDA/EXM (including 124I).
Once the absorbed dose for a series of organs is obtained, the effective

dose can be calculated using tissue-weighting factors.
Volumes of interest (VOIs) were drawn manually, using the CT

images as a reference, in Mirada XD3 (Mirada Medical) for dosimetry
calculation. The VOIs were drawn on each respective CT image,

providing 3 volumes for each organ corresponding to the 3 imaging time
points. Attenuation-corrected PET data were coregistered with the CT

images, and the drawn VOIs were applied to the PET data to generate
the activity values in Bq/cm3 per VOI. Time-integrated activity (TIA)

curves were generated from the VOIs corresponding to each organ
identified in the longitudinal PET imaging data as described above. In

most cases, the VOI covered the entire organ volume. For cases in

which the entire organ volume could not be separated from adjacent
structures, a partial VOI was drawn to estimate the organ concentration.

VOIs were drawn for whole-organ lung, spleen, kidney, gallbladder,
liver, urinary bladder, pancreas, adrenal gland, small intestine, breast,

thyroid, large intestine, thymus, stomach wall, uterus, and ovary and for
the outer contour of the whole body. The gallbladder was not evident on

the CT images of 2 subjects but was known to have been removed

TABLE 1
Subject Characteristics

Subject no. Age (y) TSPO genotype Weight (kg) Height (in*) BMI Injected activity (MBq) Injected mass (ng)

F1 64 C/T 106.1 62 42.8 69.2 461

F2 43 C/T 97.5 63 38.1 71.6 476

F3 22 C/C 65.8 65 24.1 78.1 520

M1 59 C/T 78.0 73 22.7 71.6 477

M2 28 C/T 76.7 71.5 23.2 69.9 466

M3 22 C/C 71.7 72 21.4 62.4 416

Mean ± SD 40 ± 19 82.6 ± 15.7 68 ± 5 28.7 ± 9.2 70.5 ± 5.1 469 ± 34

*1 in 5 2.54 cm.

BMI 5 body mass index; C/T 5 medium-affinity binder; C/C 5 high-affinity binder.
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surgically in one of these two. A partial VOI was drawn for brain (the
PET field of view was limited to the area from eyes to thighs), heart wall

(the VOI was in only the left ventricular wall, to estimate the activity
concentration in the heart wall), red marrow (subsampled in the L4–L5

vertebral bodies), muscle (left deltoid), and uterus (it could not always
be visualized separately from surrounding organs). Supplemental Table

1 outlines the fractional masses of VOI and whole-organ reference
masses for some tissues (supplemental materials are available at

http://jnm.snmjournals.org). The thyroid for 1 subject (subject F3)

was excluded from the analyses because she

was found to have a history of thyroid dys-
function. AVOI of the thymus was drawn for

subjects in whom a remnant could be identi-
fied. The activity concentration (Bq/cm3) of

the VOIs for each of the 3 measured time
points was multiplied by the mean volume

of the VOIs (average of the 3 VOIs drawn
on each CT image) to calculate the total ac-

tivity (Bq) according to Equation 1:

Activity concentration

�
Bq

cm3

�

· mean VOI volume
�
cm3

�
5 total activity in VOI ðBqÞ: Eq. 1

The obtained time–activity curves were fit by
using either a monoexponential function or a

hybrid fit (trapezoidal 1 monoexponential
function to the last 2 data points) and then

integrated to obtain the TIA in the VOI.
Whole-VOI TIAs were divided by subject-

specific organ masses and multiplied by ref-
erence organ masses to obtain a scaled TIA

for the VOI based on the standard adult male
or female phantom as the subject case ap-

plied, according to Equation 2.

Scaled TIA ðBq-hÞ 5 TIAdrawnVOIðBq-hÞ
MdrawnVOIðgÞ
· MrefðgÞ; Eq. 2

where the mass of the drawn VOI was
calculated as the product of the mean

volume of the 3 drawn VOIs on each CT image by the
reference-tissue densities from International Commission on Radio-

logical Protection publication 23 (17) or 89 (18), and the reference
organ mass (Mref) was derived from publication 60 (19) as imple-

mented in OLINDA/EXM. The resulting scaled organ TIAs were di-
vided by the injected activity to obtain the TIAC for each source

organ. The TIAC of the remainder of the body was calculated by
subtracting the sum of the TIACs for all organ of interest from the

TIAC for the whole available field of view (from skull vertex to

thighs). The obtained TIACs were used as
input to OLINDA/EXM to obtain the

absorbed dose to most target organs. The
MIRD bladder model (20) was used to cal-

culate the absorbed dose to the bladder with
a voiding interval of 4 h, the biologic clear-

ance half-life, and a fraction of 1. The adult
female or male phantom was interchange-

ably used according to the sex of the sub-
ject, and absorbed dose was calculated for
124I using the calculated TIACs for the
source organs that each phantom requires

as input.

Plasma Protein Binding

Plasma protein binding was determined by
isolation of fresh subject plasma by centrifu-

gation (1,500g for 10 min at 4�C) followed by
loading of a 0.5-mL aliquot of plasma into an

Amicon Ultra-0.5 30-kDa purification device,

FIGURE 2. Biodistribution in lungs and mediastinum 4–72 h after injection as seen on transaxial

PET/CT images from subjects A and B of Figure 1. Mediastinal uptake is low in A (arrows) but

absent from B. %ID/cc 5 percentage injected dose per cubic centimeter of tissue.

FIGURE 1. Maximum-intensity projections of biodistribution at 4–72 h after injection in 2 rep-

resentative subjects. (A) At 4 h after injection, radiotracer uptake is primarily in heart, liver, salivary

tissues, and bone marrow, and gastrointestinal clearance is readily observable. At 24 and 48 h,

retention is reduced in all tissues except gastrointestinal tract. (B) At 24–72 h after injection,

clearance is seen from most tissues but is slower from bone marrow and salivary tissues. How-

ever, signal in gastrointestinal tract is visible through 72 h. %ID/cc 5 percentage injected dose

per cubic centimeter of tissue. GI 5 gastrointestinal tract; H 5 heart; L5 liver; M5 bone marrow;

S 5 salivary tissues.
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which was centrifuged at 14,000g for 30 min at room temperature.
The filtrate was then saved, and the remaining supernatant was re-

covered by centrifugation at 1,000g for 2 min. The filtrate, recov-
ered supernatant, and filter itself were counted separately in a Wallac

Compugamma automated g-counter. The filtrate represented free, or
unbound, radiotracer whereas the supernatant represented protein-

bound radiotracer ($30 kDa protein-bound). The filter device rep-
resented nonspecific binding, and this value was subtracted from

both supernatant and filtrate values. Values were expressed as free
radiotracer.

RESULTS

The mean administered activity and mass were 70.56 5.1 MBq
(range, 62.4–78.1 MBq) and 469 6 34 ng (range, 416–520 ng),
respectively. There were no adverse or clinically detectable phar-
macologic effects in any of the subjects. No significant changes in
vital signs, laboratory values, or electrocardiograms were observed.
Representative maximum-intensity projections of radiotracer

biodistribution are shown in Figure 1. 124I-DPA-713 cleared rap-
idly from the lungs, with substantial hepatic elimination and lo-
calization to the gastrointestinal tract. The images in Figure 1, of 2
subjects earlier and later after injection, illustrate cardiac and liver
uptake at 4 h and heart, lung, liver, and kidney washout at later
times in both subjects. Marrow, salivary gland, and gastrointestinal
clearance dominated from 24 h onward. Salivary gland uptake
might represent transient uptake of metabolically liberated radio-
iodide. Figure 2 demonstrates clear lung fields in these same 2
subjects even at 4 h. Physical decay–corrected biodistribution for
various organs is shown in Figure 3.

TIAC and Absorbed Dose

The calculated TIACs are shown in Table 2. For both sexes, the
longest TIACs were in muscle (11.86 3.83 h and 18.66 3.44 h in
women and men, respectively), liver (6.96 6 4.39 h and 4.57 6
1.25 h, respectively), marrow (4.45 6 0.54 h and 1.27 6 0.70 h,
respectively), and lungs (2.02 6 1.22 h and 2.95 6 0.87 h, re-
spectively). The tissues with the most similar and the most differ-
ent TIACs between female and male subjects were stomach wall
(;78% difference) and thymus (0.3% difference). Figure 4 and
Table 3 show the absorbed dose in mGy/MBq. Liver, followed
by uterus and lower-large-intestine wall, received the highest
absorbed dose and was the dose-limiting organ, with a mean
absorbed dose of 0.924 mGy/MBq (3.42 rem/mCi). Data for

individual subjects are shown in Supplemen-
tal Tables 2 and 3. Qualitatively, absorbed
doses and TIACs did not seem dependent
on the rs6971 genotype of the subject.

Plasma Protein Binding Assays

The mean percentages of free radio-
tracer in male and female subjects were
29% and 32%, respectively, at both 30 and
60 min. Subject M2 unexpectedly dis-
played very low free radiotracer at 30 and
60 min, at 0.9% and 1.6%, respectively,
and these values were excluded from the
means (Supplemental Table 4).

DISCUSSION

Several radioligands, including those
targeting inducible nitric oxide synthase

(21), folate receptor-b (22,23), CD206 (24,25), and LOX-1 (26–
28), have been developed to visualize macrophages, and several of
these have also been used to image acute inflammation. Though
present ubiquitously, TSPO expression is elevated in immunolog-
ically activated leukocytes such as microglia and macrophages
(29) and has been used as a molecular target for imaging of neuro-
inflammation (30–33).

TABLE 2
TIACs

Site TIAC (h)

Brain 0.275 ± 0.136

Lungs 1.647 ± 0.981

Spleen 0.267 ± 0.170

Kidneys 0.386 ± 0.120

Gallbladder 0.073 ± 0.042

Liver 5.766 ± 3.170

Heart wall 0.423 ± 0.175

Bladder 0.738 ± 0.219

Pancreas 0.096 ± 0.041

Red marrow 3.698 ± 1.048

Adrenal glands 0.014 ± 0.008

Small intestine 1.363 ± 0.499

Breasts 0.195 ± 0.054

Testes 0.029 ± 0.015

Thyroid 0.048 ± 0.025

Large intestine 1.727 ± 0.849

Thymus 0.018 ± 0.008

Muscle 15.191 ± 4.921

Stomach wall 0.309 ± 0.212

Uterus 0.083 ± 0.019

Ovaries 0.015 ± 0.010

Whole body 59.844 ± 18.115

Remainder of body 27.676 ± 18.748

Data are mean ± SD.

FIGURE 3. Mean and SD for physical decay–corrected biodistribution (biodistribution assuming

no physical decay of radionuclide) on days 1, 2, and 3. %ID/g 5 percentage injected dose per

cubic centimeter of tissue.
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Recently, several TSPO-specific radioligands have also been
used to detect chronic inflammation in peripheral tissues (5–8).
However, the short physical half-life of 18F- and 11C-labeled

TSPO-specific radioligands enables visual-
ization of processes for only up to a few
hours, which may be inadequate for wash-
out of the radiotracer from TSPO-express-
ing healthy tissues. The distribution of
124I-DPA-713 at 4, 24, 48, and 72 h after
injection was different from that of other
reported TSPO-targeted radioligands as
typically described shortly after adminis-
tration (34) and was instead consistent with
the distribution of active and resting mono-
cyte-lineage cells. Notably, at and beyond
24 h after injection in healthy subjects, the
dominant uptake was observed in red mar-
row, putatively by macrophage-replenish-
ing mononuclear phagocyte progenitors
(35) along with residual TSPO-rich heart
and liver uptake. Salivary gland uptake

likely represented transient uptake of metabolized radioiodide,
though metabolites were not assayed. Gastrointestinal uptake
appeared to represent hepatobiliary radiotracer clearance.
The tissues displaying the longest retention included liver, lung,

marrow, and muscle. Isotope half-life (4.2 d) and lipophilic
pharmacokinetics (calculated logD, 3.75) contribute to these rela-
tively large TIACs. Lengthy retention in each tissue, excluding
muscle, is expected because of specific uptake in resident mac-
rophages or progenitor cells, that is, Kupffer cells in liver, alveolar
macrophages and type II pneumocytes in lung, and mononuclear
phagocyte progenitors in marrow, as well as hepatic and gastroin-
testinal elimination. Persistence in muscle may be due to the
lipophilic nature of this radiotracer and to the fact that approx-
imately 65%–70% of the radiotracer is bound by plasma proteins,
leading to slower clearance from muscle (36). Calculated radiation
doses were higher for 124I-DPA-713 than for 18F-FDG but were
similar to other radiotracers labeled with 124I, such as 124I-MIP-
109, a highly hydrophilic radiotracer targeting prostate-specific
membrane antigen (37). In these cases, it is the radionuclide half-
life that largely contributes to these relatively high absorbed doses.
Variability in absorbed doses was observed among subjects within
and between the sexes, and the liver was the dose-limiting organ.
Subject M2 also exhibited very high plasma protein binding, though
the organ-specific TIACs were comparable to those of the other
subjects. Given the long uptake times and sequestration of radio-
tracer inside selective cells, we believe that protein binding may
have less of an effect on uptake than in acute equilibrium binding
studies. Finally, whereas absorbed doses and TIACs (qualitatively)
were not dependent on the rs6971 genotype, no subject was found to
have the T/T variant. This is a limitation of the current study be-
cause Coughlin et al. previously demonstrated that subjects with the
T/T variant had substantially lower 11C-DPA-713 binding than sub-
jects with other variants (11). Future 124I-DPA-713 PET studies that
include subjects with the T/T variant could provide clarity on this
issue.
At 4 h after injection, the lungs displayed minimal uptake

whereas the heart displayed the highest nonclearance uptake.
For the purpose of imaging macrophages localized in the lungs,
and cervical and thoracic lymph nodes, a 24-h uptake period is
most likely sufficient for high-contrast viewing. Fluorescence-
assisted cell sorting was previously used to assay cell-specific
uptake and demonstrated that a fluorescent analog of DPA-713
(DPA-713-IRDye680LT (9,38) and, by analogy, radioiodinated

FIGURE 4. Mean and SD for organ-absorbed doses. LLI 5 lower large intestine; ULI 5 upper

large intestine.

TABLE 3
Absorbed Dose Estimates

Site Estimate (mGy/MBq)

Adrenals 0.418 ± 0.143

Brain 0.122 ± 0.064

Breasts 0.181 ± 0.074

Gallbladder wall 0.480 ± 0.136

Lower large intestinal wall 0.709 ± 0.105

Small intestine 0.571 ± 0.117

Stomach wall 0.394 ± 0.134

Upper large intestinal wall 0.681 ± 0.102

Heart wall 0.472 ± 0.201

Kidneys 0.448 ± 0.139

Liver 0.924 ± 0.501

Lungs 0.470 ± 0.243

Muscle 0.276 ± 0.090

Ovaries 0.409 ± 0.177

Pancreas 0.442 ± 0.154

Red marrow 0.446 ± 0.151

Osteogenic cells 0.481 ± 0.243

Skin 0.179 ± 0.095

Spleen 0.463 ± 0.246

Testes 0.218 ± 0.069

Thymus 0.312 ± 0.108

Thyroid 0.438 ± 0.204

Urinary bladder wall 0.618 ± 0.204

Uterus 0.367 ± 0.131

Total body 0.315 ± 0.125

Effective dose (mSv/MBq) 0.459 ± 0.127

Data are mean ± SD.

124I-DPA-713 CLINICAL STUDIES • Foss et al. 1755



DPA-713) is retained primarily by macrophage and dendritic cell
populations (10).

CONCLUSION

124I-DPA-713 clears rapidly from the lungs, with predominantly
hepatic elimination, and is safe and well tolerated in healthy
adults. These studies are important for future clinical translation
of 124I-DPA-713 as an imaging biomarker for macrophage-asso-
ciated inflammation.
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