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In what we believe to be a first-in-human study, we evaluated the
safety and dosimetry of 89Zr-pertuzumab PET/CT for human epider-

mal growth factor receptor 2 (HER2)–targeted imaging in patients with

HER2-positive breast cancer. Methods: Patients with HER2-positive

breast cancer and evidence of distant metastases were enrolled in an
institutional review board–approved prospective clinical trial. Pertuzu-

mab was conjugated with deferoxamine and radiolabeled with 89Zr.

Patients underwent PET/CT with 74 MBq of 89Zr-pertuzumab in a
total antibody mass of 20–50 mg of pertuzumab. PET/CT, whole-

body probe counts, and blood drawing were performed over 8 d to

assess pharmacokinetics, biodistribution, and dosimetry. PET/CT im-

ages were evaluated for the ability to visualize HER2-positive metas-
tases. Results: Six patients with HER2-positive metastatic breast

cancer were enrolled and administered 89Zr-pertuzumab. No toxic-

ities occurred. Dosimetry estimates from OLINDA demonstrated that

the organs receiving the highest doses (mean ± SD) were the liver
(1.75 ± 0.21 mGy/MBq), the kidneys (1.27 ± 0.28 mGy/MBq), and the

heart wall (1.22 ± 0.16 mGy/MBq), with an average effective dose of

0.54 ± 0.07 mSv/MBq. PET/CT demonstrated optimal imaging 5–8 d

after administration. 89Zr-pertuzumab was able to image multiple
sites of malignancy and suggested that they were HER2-positive. In

2 patients with both known HER2-positive and HER2-negative pri-

mary breast cancers and brain metastases, 89Zr-pertuzumab PET/CT
suggested that the brain metastases were HER2-positive. In 1 of the 2

patients, subsequent resection of a brain metastasis proved HER2-

positive disease, confirming that the 89Zr-pertuzumab avidity was a

true-positive result for HER2-positive malignancy. Conclusion: This
first-in-human study demonstrated safety, dosimetry, biodistribution,

and successful HER2-targeted imaging with 89Zr-pertuzumab PET/

CT. Potential clinical applications include assessment of the HER2

status of lesions that may not be accessible to biopsy and assess-
ment of HER2 heterogeneity.
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Human epidermal growth factor receptor 2 (HER2) is a crit-
ical biomarker in breast cancer, and its expression directly influ-

ences treatment. Approximately 20% of invasive ductal breast

malignancies are classified as HER2-positive as a result of ERBB2

gene amplification or the subsequent overexpression of the HER2

protein on the surface of tumor cells (1). Patients with HER2-

positive breast cancer receive specific therapies that are targeted

to HER2 and that reduce the risk of death, whereas patients with

HER2-negative breast cancer do not receive them (2,3). This sit-

uation has resulted in considerable interest in HER2-targeted im-

aging (4). Recent work has demonstrated the ability to detect

HER2-positive metastases in patients with HER2-negative pri-

mary breast tumors by HER2-targeted imaging confirmed with

immunohistochemistry (IHC) (5,6) and molecular analyses (7). Thus,

the ability to perform noninvasive, whole-body, HER2-targeted im-

aging may be valuable in the detection of otherwise unsuspected

HER2-positive malignancies and may help direct appropriate HER2-

targeted therapy.
Although there have been successes in HER2-targeted imaging

with 89Zr-trastuzumab, there have also been examples of nonspe-

cific visualization of malignancies that are HER2-negative on pa-

thology (5,6). More specific HER2-targeted agents may be needed

for clinical translation of HER2-targeted imaging agents. Pertuzu-

mab is a newer humanized monoclonal antibody that binds to the

HER2 receptor at a site distinct from that bound to by trastuzumab

and appears to be more efficient than trastuzumab (8). In vitro and

in vivo models have demonstrated successful 89Zr-pertuzumab

targeting to HER2-positive malignancies and, notably, have dem-

onstrated increased affinity for HER2 in the presence of trastuzu-

mab (9)—as may be the case in patients who have HER2-positive

malignancies and are receiving trastuzumab. Here we present the
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results of what we believe to be a first-in-human study of HER2-
targeted imaging with 89Zr-pertuzumab PET/CT, performed to

document the safety, dosimetry, and potential clinical utility of

this HER2-targeted imaging agent.

MATERIALS AND METHODS

Patients

This study was performed under a single-center prospective Memorial
Sloan Kettering Cancer Center Institutional Review Board–approved

protocol (ClinicalTrials.gov identifier NCT03109977). All patients pro-

vided written informed consent. Patients with pathologically proven

HER2-positive metastatic breast cancer were identified as potential can-

didates. HER2 positivity was defined according to American Society of

Clinical Oncology guidelines (10), including 31 HER2 IHC or 21
HER2 IHC with HER2 amplification on fluorescence in situ hybridiza-

tion (FISH) of 2.0 or more; 0 or 11 IHC or 21 IHC with HER2

amplification on FISH of less than 2.0 was considered HER2-negative.

The 4 inclusion criteria were biopsy-proven, HER2-positive malig-

nancy; foci of malignancy on imaging within 60 d of enrollment; women

who were 21 years old or older; and Eastern Cooperative Oncology

Group performance score of 0–2 (11). The 3 exclusion criteria were

life expectancy of less than 3 mo; pregnancy or lactation; and inability to

undergo PET/CT scanning because of weight limits. A biopsy demon-

strating HER2-positive malignancy was required for inclusion. The

HER2-positive biopsy was allowed at any time during the patient’s

disease course and could be from the primary breast malignancy or a

site of metastatic disease. Patients were allowed to be on HER2-directed

therapy. Sites of known malignancy were determined by medical imag-

ing, including CT, MRI, and 18F-FDG PET/CT, within 60 d of protocol

enrollment. As part of the inclusion criteria, the primary malignancy and

at least 1 site of distant metastasis had to be pathologically proven.

89Zr-Pertuzumab Preparation
89Zr-deferoxamine-pertuzumab was manufactured at the Memorial

Sloan Kettering Radiochemistry and Molecular Imaging Probes Core

Facility in compliance with the requirements specified in the Chem-

istry, Manufacturing, and Controls section of a U.S. Food and Drug

Administration–acknowledged Investigational New Drug application

(134411). The preparation process involved conjugating clinical-grade

pertuzumab (Perjeta; Genentech) with a bifunctional chelator, p-SCN-

Bn-deferoxamine (Macrocyclics), and then radiolabeling with 89Zr, a

radiometal positron emitter with a 78.4-h radioactive half-life. The

conjugation and radiolabeling were performed using previously de-

scribed methodology (12). Radiolabeling with 89Zr was chosen be-

cause of the favorable properties of this metalloradionuclide, such as

radioactive half-life (which is long enough to allow for the imaging of

radiolabeled antibodies after localization at the target site has oc-

curred) as well as mild radiolabeling conditions (at an ambient tem-

perature in 1 M ammonium acetate buffer; pH 7); these properties help

to preserve pertuzumab protein integrity and immunoreactivity during

the radiolabeling process (13,14).

The 89Zr-deferoxamine-pertuzumab final drug product batches
underwent quality control testing before batch release for patient

administration, to ensure conformance to the following acceptance

specifications: radiochemical purity, as determined by radio–thin-

layer chromatography and size-exclusion high-performance liquid

chromatography; radioimmunoreactivity, as determined using a live

antigen–expressing cell binding assay; endotoxin content, as mea-

sured using a portable test system supplied by Charles River Labo-

ratories; sterilizing filter integrity, as measured by the bubble point

method; pH, as measured using pH strips; appearance as a clear and

particle-free solution, as determined by visual inspection check; and

radionuclidic identity verification, as measured by radioactive

g-spectroscopy. Sterility testing using the direct medium inoculation
method was performed after release.

89Zr-Pertuzumab Administration

An intravenous line was established and flushed with 5% human

serum albumin solution. Nonradiolabeled pertuzumab (18 or 48 mg)
was then intravenously administered over 5 min. Cold pertuzumab was

administered to help reduce nonspecific uptake of the subsequently
administered radiolabeled pertuzumab. Next, 74 MBq 6 10% of
89Zr-pertuzumab was intravenously administered in a mass of ap-
proximately 2 mg to bring the total pertuzumab antibody mass for each

patient to 20 or 50 mg. The first 2 patients were administered 50 mg; the
antibody mass was reduced to 20 mg for the next 2 patients. Visual

analysis suggested that 50 mg of total antibody mass produced lower
background uptake; thus, the total antibody mass was increased to 50 mg

for the last 2 patients. Patients were monitored for side effects on the
day of and on the day after 89Zr-pertuzumab administration.

89Zr-Pertuzumab PET/CT and Image Analysis

Up to 4 whole-body PET/CT scans were obtained for each patient

on days 1, 2–4, 5 or 6, and 7 or 8 after the administration (day 0) of
89Zr-pertuzumab. The days of imaging were preselected before the

protocol was opened to allow both comprehensive multiday imaging
and flexibility of scheduling, particularly over the weekend.

Patients were imaged from the skull apex to the midthigh on a
dedicated research PET/CT scanner (GE Discovery 710) in 3-dimensional

mode with emission time per bed position extending from 4 min (day 1)
to 8 min (day 7 or 8). Low-dose CT scans were acquired with an x-ray

tube current of 80 mA. PET/CT images were reconstructed with
attenuation, scatter, and other standard corrections applied and with

iterative reconstruction. 89Zr-pertuzumab PET/CT scans were inter-
preted by a nuclear radiologist with experience in HER2-targeted im-

aging and knowledge of the patient’s medical history and prior imaging.
Nonphysiologic radiotracer uptake was considered suggestive of HER2-

positive malignancy. Volumes of interest were drawn on PET/CT im-
ages over normal liver, kidney, spleen, and lung using a dedicated

workstation (Hermes Medical Solutions). Normal tissue uptake was
quantified as the mean SUV adjusted to lean body mass (SUVLBM).

Whole-Body and Serum Clearance Measurements

Whole-body clearance was determined by serial measurements of

counting rates using a 12.7-cm-thick NaI(Tl) scintillation detector at a
fixed 3 m from the patient. Background-corrected geometric mean

counts were obtained after infusion before and after voiding and,
subsequently, at the times of the PET scans (n 5 6). Counting rates

were normalized to the immediate postinfusion value (taken as 100%)
to yield relative retained activities (as percentages).

Multiple blood samples were obtained at approximately 15 min,
30 min, 1–2 h after injection and, subsequently, at the time of each

PET scan (n 5 7). Counts in aliquots of serum were obtained using a
g-well-type detector (Wallac Wizard 1480 g-counter; Perkin Elmer),

and measured activity concentrations were converted to percentage
injected activity/L.

A monoexponential function was fitted to the whole-body probe data
and a biexponential function was fitted to the serum activity concen-

tration data using SAAM software (15). Areas under the curve (AUCs)
and corresponding residence times were derived by analytic integration.

Normal Tissue Dosimetry

Normal tissue dose estimates were derived as described previously

(16,17). In brief, image-derived SUVLBM was converted to activity
concentration per unit of mass (kBq/g), and AUCs were estimated

by trapezoidal integration. Whole-organ AUCs were estimated by
multiplying the activity concentration AUCs by the projected organ
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mass. Residence times were derived by dividing whole-organ AUCs by

the administered activity. Corresponding values for heart contents and
red marrow were estimated from the serum AUCs (18). The residence

time for the remainder of the body was derived by subtracting all in-
dividually estimated residence times from the whole-body residence

time. Thereafter, absorbed radiation doses to individual organs were
calculated using the OLINDA/EXM software application (19).

Comparison of 89Zr-Pertuzumab Dosimetry with
89Zr-Trastuzumab Dosimetry

Tissue dosimetry and total-body dosimetry were compared for the

newly calculated values for 89Zr-pertuzumab and for published values
for 89Zr-trastuzumab.

Statistics

Kinetic parameters and absorbed dose estimates were calculated for
each patient on an individual basis. Subsequently, these data were

summarized using descriptive statistics.

RESULTS

Patient Characteristics

Between April and June 2017, 6 patients, all women with
biopsy-proven HER2-positive malignancies from invasive ductal
breast cancer (IDC), completed the study protocol. All patients
underwent imaging on days 1, 2–4, 5 or 6, or 7 or 8 as prescribed
in the prospective protocol. Patient characteristics are summarized
in Table 1.

Sites of Known Malignancy at Time of Protocol Enrollment

Sites of known malignancy were determined from medical
imaging within 60 d of protocol enrollment. Known nodal disease
was present in 4 patients, brain malignancies were present in 2,
hepatic malignancies were present in 2, and malignancies in-
volving the breast, bone, chest wall, and lung each were present in
1 patient. Sites of known malignancy are summarized in Table 1.

Adverse Events

All 6 patients underwent 89Zr-pertuzumab administration. Pa-
tients were monitored for 2 h after tracer injection and evaluated
on the following day when they returned for PET/CT imaging, and
no side effects were observed or reported. Vital signs were
recorded before and after tracer administration, and there were
no changes with clinical significance. Safety data were reviewed
and approved by the U.S. Food and Drug Administration as part of
the Investigational New Drug application.

Pharmacokinetics

Whole-body clearance and serum clearance conformed to
mono- and biexponential kinetics, respectively. Summed biologic

clearance curves are shown in Figure 1. Summary statistics for the
clearance parameters are provided in Table 2.

Biodistribution and Normal Tissue Dose Estimates
89Zr-pertuzumab uptake was observed in the blood pool, liver, kid-

ney, and spleen. There was little measureable change in whole-body
activity after the first void (98%6 1.8% [mean6 SD] of the prevoid
measurement). The urinary bladder was not visualized on any PET/CT
scan. Bowel excretion was visualized in 2 patients on day 1 and 2
scans. Uptake in the liver and kidneys, in terms of SUVLBM, was
relatively constant over the duration of imaging, whereas blood-pool
and spleen uptake decreased over time. These sites of tracer visual-
ization were considered physiologic. Absorbed dose estimates for
normal tissues are provided in Table 3. The organs receiving the
highest doses were the liver (1.75 6 0.21 mGy/MBq), kidneys
(1.27 6 0.28 mGy/MBq), and heart wall (1.22 6 0.16 mGy/MBq),
with an average effective dose of 0.54 6 0.07 mSv/MBq.

Comparison of 89Zr-Pertuzumab Dosimetry with
89Zr-Trastuzumab Dosimetry

The mean effective dose of 89Zr-pertuzumab was 0.54 mSv/MBq.
Figure 2 shows the comparative absorbed dose estimates for both
antibodies.

FIGURE 1. Summed whole-body (WB) and serum biologic clearance

data for 89Zr-pertuzumab in 6 patients. Error bars indicate SE of mean.

%ID/l 5 percentage injected dose/L.

TABLE 1
Characteristics of 6 Women with IDC

Patient

Age

(y)

Sites of known malignancy at time

of 89Zr-pertuzumab administration

Days after 89Zr-pertuzumab administration

on which PET/CT imaging was done

Sites of demonstrably
89Zr-pertuzumab–avid disease

1 46 Brain 1, 2, 6, 8 Brain

2 68 Nodal 1, 2, 5, 7 Nodal

3 58 Breast, nodal 1, 2, 6, 7 Breast, nodal

4 69 Liver, bone, chest wall 1, 4, 5, 8 Chest wall

5 38 Brain, lung, nodal, liver 1, 2, 5 Brain, lung, nodal

6 42 Nodal 1, 4, 5, 7 None
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Imaging of Lesions with 89Zr-Pertuzumab PET/CT

Patient 1 had 2 known primary breast malignancies, a right
breast estrogen receptor (ER)–positive, progesterone receptor

(PR)–positive, and HER2-positive (HER2 IHC 31) IDC diagnosed
in 2014 and an ER-positive, PR-positive, and HER2-negative (HER2
IHC 0) IDC diagnosed in 2015. She had received HER2-directed

TABLE 3
Absorbed Dose Estimates for Normal Tissues

Absorbed dose estimates (mGy/MBq)

Target organs or measurement Mean SD Median Minimum Maximum

Adrenal glands 0.64 0.17 0.69 0.31 0.80

Brain 0.25 0.06 0.24 0.15 0.33

Breasts 0.33 0.08 0.35 0.18 0.41

Gallbladder wall 0.69 0.18 0.72 0.34 0.83

Lower large intestinal wall 0.42 0.06 0.40 0.36 0.52

Small intestine 0.39 0.09 0.40 0.22 0.51

Stomach wall 0.46 0.12 0.49 0.23 0.59

Upper large intestinal wall 0.46 0.09 0.47 0.30 0.57

Heart wall 1.22 0.16 1.24 0.98 1.37

Kidneys 1.27 0.28 1.18 0.98 1.64

Liver 1.75 0.21 1.73 1.54 2.13

Lungs 1.07 0.15 1.07 0.84 1.25

Muscle 0.34 0.08 0.35 0.19 0.44

Ovaries 0.38 0.10 0.38 0.20 0.50

Pancreas 0.62 0.16 0.66 0.30 0.77

Red marrow 0.48 0.09 0.50 0.34 0.60

Osteogenic cells 0.55 0.09 0.54 0.44 0.71

Skin 0.24 0.05 0.24 0.14 0.31

Spleen 1.04 0.16 1.01 0.87 1.26

Thymus 0.46 0.12 0.48 0.23 0.58

Thyroid 0.29 0.07 0.29 0.17 0.38

Urinary bladder wall 0.27 0.06 0.27 0.17 0.36

Uterus 0.37 0.10 0.37 0.19 0.49

Total body 0.40 0.08 0.41 0.25 0.49

Effective dose equivalent (mSv/MBq) 0.72 0.09 0.73 0.56 0.83

Effective dose (mSv/MBq) 0.54 0.07 0.56 0.41 0.62

TABLE 2
Summary Statistics for Whole-Body and Serum Clearance

Whole body Serum

Measurement t1/2 eff t1/2 bio A1 (%/L) t1/2 α eff t1/2 α bio A2 (%/L) t1/2 β eff t1/2 β bio

Mean 67.7 521 12.6 12.1 15.5 17.3 59.3 201

SD 2.3 145 5.3 7.8 11.5 5.0 10.3 72

Median 66.9 456 13.0 9.7 11.2 16.3 55.5 176

Minimum 65.2 387 5.6 3.1 3.3 11.7 50.4 141

Maximum 70.8 730 18.8 22.1 30.8 23.3 78.4 322

eff 5 effective half-life; bio 5 biologic half-life; A1 5 partition coefficient for fast component of serum clearance; α 5 half-time for fast
component of serum clearance; A2 5 partition coefficient for slow component of serum clearance; β 5 half-time for slow component of

serum clearance.

Whole-body clearance was monoexponential. Serum clearance was biexponential and conformed to the following equation: A1exp
(−a1t) 1 A2exp(−a2t). A1 and A2 are partition coefficients, and respective t1/2 values correspond to ln(2)/a. All half-lives are in hours.
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therapy, including ado-trastuzumab emtansine in 2015, and was
on trastuzumab therapy at the time of 89Zr-pertuzumab PET/CT.
She had a recent diagnosis of brain metastases. 89Zr-pertuzumab
PET/CT demonstrated a progressive increase in 89Zr-pertuzu-
mab avidity over PET/CT scans obtained on days 1, 2, 6, and
8 after tracer administration (the SUVmax of the most avid le-
sion was 13.6, 16.6, 26.0, and 30.1 on these 4 d) (Figs. 3A–3D).
Blood-pool activity, including activity in the superior sagittal
sinus, showed a continuing decrease over the scans. This feature
allowed the most optimal visualization of the known brain me-
tastases (Fig. 3E) on the day 8 scan (Fig. 3F).
Patient 2 had a left breast ER-positive, PR-positive, and HER2-

positive (HER2 IHC 21; HER2 amplification of 4.0 on FISH)
IDC diagnosed in 2014. She had received HER2-directed therapy,
including ado-trastuzumab emtansine in 2015–2016, and was on
trastuzumab and pertuzumab therapy at the time of 89Zr-pertuzumab
PET/CT. She had known supraclavicular nodal metastases at the
time of 89Zr-pertuzumab PET/CT. There was relatively stable
89Zr-pertuzumab avidity on days 1, 2, 5, and 7 after tracer admin-
istration (the SUVmax of the most avid lesion was 6.0, 4.7, 4.6, and
5.1 on these 4 d).
Patient 3 had a left breast ER-positive, PR-positive, and HER3-

positive (HER2 IHC 31) IDC that was diagnosed in 2014 and that
was metastatic to the lung at the time of diagnosis. She had re-
ceived HER2-directed therapy, including trastuzumab and pertu-
zumab, which she was receiving at the time of 89Zr-pertuzumab
PET/CT. She had demonstrable 18F-FDG–avid disease in the left
breast and left axillary nodes at the time of 89Zr-pertuzumab PET/
CT. There was mildly increasing 89Zr-pertuzumab avidity on days
1, 2, 6, and 7 after tracer administration (the SUVmax of the breast
lesion was 3.7, 4.7, 6.3, and 5.5). Decreasing background avidity
made the avid lesions most visible on the day 6 and 7 scans (Fig.
4). 89Zr-pertuzumab avidity was similar to 18F-FDG avidity (SUVmax,
6.6), which was obtained 3 wk earlier.
Patient 4 was diagnosed with ER-positive, HER2-negative

(HER2 IHC 11) IDC in 2003. At the time of 89Zr-pertuzumab
PET/CT, she had demonstrable disease in the liver, bone, and chest
wall on CT and MRI. She had previously received HER2-directed
therapy, including trastuzumab and pertuzumab, which she was

receiving at the time of 89Zr-pertuzumab
PET/CT. A recent biopsy of a right chest
wall mass was HER2-positive (HER2 IHC
21; HER2 amplification of 2.4 on FISH).
There was low-level avidity in the right
chest wall lesion (the SUVmax was 2.8,
2.3, 2.4, and 2.4 on days 1, 4, 5, and 8 after
89Zr-pertuzumab administration, respectively).
Patient 5 was diagnosed with 2 distinct

right breast malignancies in 2014: an ER-
negative, HER2-positive (HER2 IHC 31)
malignancy and an ER-positive, HER2-
negative (HER2 IHC 0) malignancy. She
had previously received HER2-directed
therapy, including trastuzumab and pertu-
zumab, which she was receiving at the time
of 89Zr-pertuzumab PET/CT. She had de-
monstrable disease in the brain, lung, nodes,
and liver at the time of 89Zr-pertuzumab
PET/CT. Mild 89Zr-pertuzumab avidity in
the brain, lung, and nodal lesions was great-
est in the brain (the SUVmax of the most

avid brain lesion was 2.9, 6.1, and 6.1 on days 1, 2, and 5 after
tracer administration, respectively). A brain metastasis was resected
and was HER2-positive (IHC 21; HER2 amplification of 2.4 on
FISH); these findings confirmed that this site of 89Zr-pertuzumab-
avidity was true-positive for a HER2-positive malignancy. Liver
lesions did not show appreciable 89Zr-pertuzumab avidity above
the liver background.
Patient 6 had a right breast ER-negative, HER2-positive (HER2

IHC 31) IDC diagnosed in 2008. She had previously received
HER2-directed therapy, including trastuzumab and pertuzumab,
and was on ado-trastuzumab emtansine therapy at the time of
89Zr-pertuzumab PET/CT. She had only a small volume disease
in thoracic and abdominal nodes at the time of 89Zr-pertuzumab
PET/CT. Avidity in small nodes (the greatest being 1.5 · 1.2 cm in
the right common iliac chain) was difficult to appreciate on 89Zr-
pertuzumab PET/CT.

DISCUSSION

In this first-in-human trial, we demonstrated safety and dosimetry
for intravenously administered 89Zr-pertuzumab, which has been
reviewed and accepted by the U.S. Food and Drug Administration.
We also demonstrated successful HER2-targeted imaging in pa-
tients with HER2-positive metastatic breast cancer.
The mean effective dose of 89Zr-pertuzumab was 0.54 mSv/MBq,

which is comparable to those of other radiolabeled antibody PET
tracers, such as 89Zr-J591 (0.38 mSv/MBq) (16). In particular, the
biodistribution and normal tissue dosimetry of 89Zr-pertuzumab
are comparable to those of 89Zr-trastuzumab (0.48 mSv/MBq)
(17). However, 89Zr-pertuzumab does appear to have slightly
higher uptake in the central parenchymal organs (liver, kidney,
spleen, and lung) than 89Zr-trastuzumab; this finding translates
into a higher dose (mGy/MBq) by an average factor of approxi-
mately 1.3 for these organs. Because of their relatively slow ki-
netics, antibody-based PET tracers require radionuclides with
relatively long physical half-lives. This requirement leads to radi-
ation doses that are higher than those of small-molecule imaging
agents that have fast kinetics and can use radionuclides with rela-
tively short physical half-lives—the classic example being18F- FDG.

FIGURE 2. Comparative distributions of absorbed doses for 89Zr-pertuzumab and 89Zr-trastuzumab

(16). Error bars denote SD. LLI 5 lower large intestinal; ULI 5 upper large intestinal.
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In the present study, we used a 89Zr activity (;74 MBq) that was
lower than what we used in previous studies (;185 MBq). This
activity was found to be adequate in terms of image quality for
clinically feasible emission times, ranging from 4–8 min/bed posi-
tion. As the radiation dose is directly proportional to the adminis-
tered activity, this approach provided a significant reduction in the
actual dose (mGy) compared with the doses used in our previous
studies. Further, several investigators (20,21), including equipment
manufacturers, are developing new, advanced methods of image

reconstruction that should result in further
significant reductions in radiation doses.
The radiation exposures generated by radio-
labeled antibody PET tracers would be jus-
tified if they produced clinically valuable
information.
Imaging of 89Zr-pertuzumab was best

performed 5–8 d after tracer administra-
tion. Scans on earlier days had higher liver
and blood-pool backgrounds and tended to
have lower tumor uptake. The combination
of higher tumor uptake and lower back-
grounds for imaging performed 5–8 d after
tracer administration has been observed
with other antibody tracers (16,17). The
multiple-day delay in blood-pool clearance
of antibody tracers can be considered a
limitation of this technology. Potential al-
ternatives include Affibody (Affibody AB)
molecules (22) and single-domain antibodies
(23,24), which have a rapid biodistribution,
allowing for imaging within hours of tracer
administration. Affibody molecules and sin-
gle-domain antibodies labeled with tracers
with shorter half-lives may have the added
advantage of lower radiation doses to patients.
Although limited activity was seen in

the bowel, we anticipate that this was the
primary route for any 89Zr-pertuzumab ex-
cretion that did occur. Little measurable
change was observed in whole-body activ-
ity after the first void (98% 6 1.8% of the

prevoid measurement), and there was no visualization of activity
in the urinary bladder at any time.
One potential clinical application of 89Zr-pertuzumab PET/CT

is assessment of the HER2 status of disease—information that
may not be accessible by biopsy (e.g., brain metastases). This
application becomes increasingly important given the recent find-
ing that in patients who have HER2-negative primary breast can-
cer and develop brain metastases, 20% will acquire HER2-positive
metastases (7). Thus, a method of noninvasive, whole-body

screening for HER2-positive disease would
be of clinical value as a predictive bio-
marker (25), aiding in the selection of pa-
tients for HER2-targeted therapy on the
basis of imaging. In this small trial, pa-
tients 1 and 5 had both HER2-positive
and HER2-negative primary breast can-
cers and brain metastases. 89Zr-pertuzu-
mab PET/CT imaging suggested that
the brain metastases were HER2-positive;
histologic proof was available in 1 of these
patients.
Another potential clinical application of

89Zr-pertuzumab PET/CT is the assess-
ment of HER2 heterogeneity. Patient 4
had a biopsy-proven HER2-negative pri-
mary breast malignancy but a biopsy-
proven HER2-positive chest wall metastasis.
Two previous liver biopsies for this patient
were HER2-negative. The only site of

FIGURE 3. 46-y-old woman with both HER2-positive and HER2-negative primary breast malig-

nancies and recently diagnosed brain metastases. Sequential maximum-intensity-projection im-

ages 1 d (A), 2 d (B), 6 d (C), and 8 d (D) after administration of 89Zr-pertuzumab. Blood-pool and

liver background cleared on sequential images. Activity excreted by bowel was seen on days 1

and 2. Bilateral kidney activity was visualized on all days. Increasing activity in foci overlying skull

was seen as time progressed (arrows). Decreasing activity was seen in blood pool of superior

sagittal sinus (arrowheads). (E) Gadolinium-enhanced T1-weighed MR image of brain demonstrated

enhancing brain metastases (arrows) and superior sagittal sinus (arrowhead). (F) Axial fused PET/CT,

CT, and PET images 8 d after 89Zr-pertuzumab administration demonstrated avidity in brain metas-

tases (arrows) and minimal residual avidity in superior sagittal sinus (arrowhead).

FIGURE 4. 58-y-old woman with HER2-positive breast cancer and current left breast and left

axillary nodal disease. (A) Maximum-intensity-projection image 6 d after administration of 89Zr-

pertuzumab demonstrated 89Zr-pertuzumab–avid left breast (arrow) and left axillary nodal (arrow-

head) disease. (B) Axial fused PET/CT, CT, and PET images obtained 6 d after 89Zr-pertuzumab

administration localized 89Zr-pertuzumab avidity in left breast (arrow). (C) Axial fused PET/CT, CT,

and PET images from 18F-FDG PET/CT scan 3 wk earlier demonstrated corresponding 18F-FDG–

avid breast lesion (arrow).
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89Zr-pertuzumab avidity was the chest wall lesion, which was the
only site of known HER2-positive disease, as defined by American
Society of Clinical Oncology criteria. Of course, histologic analysis
was not available for all sites of malignancy, but this early work
suggests that 89Zr-pertuzumab could be used to assess a heteroge-
neous HER2 tumor burden.
For this first-in-human pilot study of 89Zr-pertuzumab PET/CT,

the sample size of only 6 patients was primarily designed to provide
normal tissue biodistribution and dosimetry data. Further informa-
tion on the biodistribution of 89Zr-pertuzumab in normal and malig-
nant tissues will be generated in additional HER2-targeted imaging
trials with this novel agent. Patients included in this trial had metas-
tases that were treated with systemic therapy, often including HER2-
targeted therapy, before trial enrollment. This scenario introduces
difficulties in comparing the extents of active malignancies with
radiotracer uptake. A treated HER2-positive metastasis may not have
sufficient residual active tumor for visualization on PET. Despite this
limitation, sites of disease that were avid for 89Zr-pertuzumab were
demonstrated in 5 of 6 patients. 89Zr-pertuzumab–avid lesions were
still demonstrated in patients who had previously received and
were currently receiving HER2-targeted therapy. The effects of
HER2-targeted therapy on 89Zr-pertuzumab are not known; however,
it was clear that HER2-targeted therapy did not prevent HER2-tar-
geted imaging with 89Zr-pertuzumab.

CONCLUSION

This first-in-human trial demonstrated that 89Zr-pertuzumab
PET/CT may be safely performed and that 89Zr-pertuzumab has
the potential to be a clinically valuable HER2-targeted imaging
agent for patients with metastatic breast cancer. Potential clinical
applications include assessment of the HER2 status of lesions—
information that may not be accessible by biopsy—and the assess-
ment of HER2 heterogeneity. 89Zr-pertuzumab PET/CT will next
be used in a prospective clinical trial of patients with HER2-negative
primary breast cancer to analyze the ability of 89Zr-pertuzumab to
detect unsuspected HER2-positive metastatic disease and help direct
HER2-targeted therapy to appropriate patients.
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