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Abstract

Purpose: Positron emission tomography (PET) with Zirconium-89 (Zr-89)-labeled antibodies can
be used for in vivo quantification of antibody uptake. Knowledge about measurement variability
is required to ensure correct interpretation. However, no clinical studies have been reported on
measurement variability of Zr-89 immuno-PET. As variability due to low signal-to-noise is part of
the total measurement variability, the aim of this study was to assess noise-induced variability of
Zr-89 -immuno-PET using count-reduced clinical images.

Procedures: Data were acquired from three previously reported clinical studies with [5°
Zr]antiCD20 (74 MBq, n=7), [*°ZrlantiEGFR (37 MBq, n=7), and [®°Zr]antiCD44 (37 MBq,
n=13), with imaging obtained 1 to 6 days post injection (D0-D6). Volumes of interest (VOlIs)
were manually delineated for liver, spleen, kidney, lung, brain, and tumor. For blood pool and
bone marrow, fixed-size VOIs were used. Original PET list mode data were split and
reconstructed, resulting in two count-reduced images at 50 % of the original injected dose (e.g.,
37 MBQ74inj)-

Repeatability coefficients (RC) were obtained from Bland-Altman analysis on standardized
uptake values (SUV) derived from VOlIs applied to these images.

Results: The RC for the combined manually delineated organs for [9Zr] antiCD20 (37 MBQz4inj)
increased from DO to D6 and was less than 6 % at all time points. Blood pool and bone marrow
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had higher RC, up to 43 % for 37 MBQqzainj at D6. For tumor, the RC was up to 42 % for &
ZrJantiCD20 (37 MBQy4in)- For [°Zr]antiCD20, (18 MBqy4in)), [2°ZrlaniEGFR (18 MBqazinj), and
[39Zr]antiCD44 (18 MBqgzinj), measurement variability was independent of the investigated

antibody.

Conclusions: Based on this study, noise-induced variability results in a RC for Zr-89-immuno-
PET (37 MBq) around 6 % for manually delineated organs combined, increasing up to 43 % at
D6 for blood pool and bone marrow, assuming similar biodistribution of antibodies. The signal-to-

noise ratio leads to tumor RC up to 42 %.

Key words: Molecular imaging, Positron emission tomography, Zirconium-89, Immuno-PET,

Monoclonal antibodies

Introduction

Antibody imaging is of interest to improve efficacy and limit
toxicity of antibody treatment by providing a predictive imaging
biomarker for antibody uptake. Zr-89-PET can be used for
in vivo quantification of antibody biodistribution and tumor
uptake [1, 2]. Knowledge about measurement variability is
required for clinical application. Usually, a test-retest study is
performed for novel tracers to assess repeatability. However, for
Zr-89 -immuno-PET, repeatability is unknown. A classical test-
retest study design with two tracer injections is challenging in
case of Zr-89 -immuno-PET because of the long half-life of Zr-
89 (78.4 h). This requires more than 10 days between two
injections to have less than 10 % of the radioactivity due to the
first injection remaining in the body. In addition, radiation
exposure is significant (0.5 mSv/MBq) [3]. To date, most
clinical PET studies using Zr-89-labeled monoclonal antibodies
(mAbs) are performed with an injected dose of 37 MBq,
resulting in an effective dose of 18.5 mSv. We hypothesize that
the relatively low signal -to- noise ratio for Zr-89 -immuno-PET
acquisition (due to the low injected dose and low positron
abundance of Zr-89) results in a considerable source of
measurement variability. The primary objective of this study
was therefore to assess noise-induced variability of quantitative
uptake measures derived from Zr-89 -immuno-PET for an
injected dose of 37 MBq using count-reduced images.

For this purpose, previously acquired clinical datasets can be
used to assess noise-induced variability at 50 % of the original
injected dose. Raw PET data (list mode data) can be split in two
equal parts (Fig. 1). The split list mode data can be reconstructed
into two count-reduced images [4]. Each of the two count-
reduced images is considered to be a count statistically
independent estimate of an image that would have been obtained
with 50 % of the original injected dose for the same scan time.
For example, an original image acquired with an injected dose of
74 MBq results in two count-reduced images representing an
injected dose of 37 MBq (denoted as 37MBqyainj). The count-
reduced images are not independent with respect to other factors
such as procedural variations or scanner drift.

In addition, we hypothesize that noise-induced variability
is independent of the investigated mAb; therefore, the
secondary objective was to investigate clinical datasets with

three different Zr-89-labeled mAbs. Finally, the tertiary
objective was to assess noise-induced variability of Zr-89 -
immuno-PET for an injected dose of 18 MBq. This is the
lowest injected dose used in clinical Zr-89 -immuno-PET
studies for non-oncological indications, e.g., rheumatoid
arthritis and multiple sclerosis [5, 6], as further limiting
radiation exposure (to <10 mSv) is necessary for these
patient categories.

Knowledge of measurement variability is of interest as a
small measurement error is required for the detection of even
small changes over time (e.g., response evaluation, within
patients). In the current study, we assessed noise-induced
variability as source of measurement error (expressed as
repeatability coefficient (RC) in %). For clinical relevance,
assessment of reliability is important as this indicates the
ability to divide patients in groups of interest despite
measurement errors (e.g., response prediction, between
patients). Therefore, an explorative reliability analysis was
performed (expressed as intraclass correlation coefficients
(ICQ)) reflecting the contribution of this source of measure-
ment variability to the observed differences (total variance)
in biodistribution and tumor uptake in these datasets.

Potential clinical applications of Zr-89 -immuno-PET
include use as a quantitative imaging biomarker to assess
antibody uptake in normal tissue and tumor to guide
individualized treatment and/or drug development [3].

Materials and Methods

Data Sources

Original list mode data were taken from three clinical Zr-89 -
immuno-PET studies: [*°Zr]antiCD20 mAb in non-Hodgkin
lymphoma [7], [*Zr]anti-epidermal growth factor receptor
(EGFR) mAb in colorectal cancer [8], and [*°Zr]antiCD44
mADb in solid tumors [9]. The original injected dose was 74 MBq
for [*Zr]antiCD20 mAb, 37 MBq for [*Zr]antiEGFR mAb,
and 37 MBq for [¥Zr]antiCD44 mAb. Scans were scheduled at
the following time points: 1, 72, and 144 h p.i. (DO, D3, D6) for
[*Zr]antiCD20 mAb and [**Zr]antiEGFR mAb, and 1, 24, and
96 h pi. (DO, D1, D4) for [*Zr]antiCD44 mAb. Study
procedures, including image acquisition protocols, have been
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Fig. 1 Noise-induced variability analysis based on count-reduced images. The counts in the raw PET data file are split in two
equal parts (H1 and H2), each representing 50 % of the original injected dose (solid line for 37 MBqz4in; for [89Zr]antiCD20,
dashed lines for 18 MBQgin; for [#°Zr]antiEGFR and [*°ZrlantiCD44). For [*°ZrlantiCD20, list mode data was split again in two
equal parts (Q1 and Q2), each representing 25 % of the original injected dose (18 MBq74in). After reconstruction of the spilit list
mode data, two count-reduced images were obtained and used for the analysis. PET images are attenuation-corrected coronal
slices, and three large black arrows on the original PET image indicate tumor lesions.

reported previously [7-9]. All data were acquired on a Philips
Gemini 64 or Ingenuity 128 PET/CT scanner (Philips
Healthcare). The number of bed positions (for a scan trajectory
of mid-thigh to vertex of the skull) was 10-12, with a 50 % bed
overlap. Data were acquired for 5 min per bed. Data were
normalized; corrected for decay, randoms, dead time, scatter,
and attenuation; and reconstructed using 3D BLOB-OS-TF (3
iterations, 33 subsets). A 7 mm Gaussian post reconstruction
filter was applied, in line with the recommendation for
multicenter Zr-89 -immuno-PET studies [10].

Image Generation and Analysis

Using the original scans, VOIs were defined manually for
liver, spleen, kidney, brain, and lung (brain and lung on the
low dose CT, liver, spleen, kidney on the PET image). In
addition, fixed-size VOIs of 8.6 and 2.9 mL were placed in
the lumbar vertebrae to estimate bone marrow activity

concentration (AC), and in the aortic arch to estimate blood
pool AC, respectively. Tumor uptake was defined as focal
uptake exceeding local background reported by the nuclear
medicine physician. Tumors were manually delineated on
the immuno-PET scan, using the low dose CT for
anatomical reference, using in-house developed software
(ACCURATE tool, developed by RB).

Original list mode data were split (all counts, including
delayed): even counts were placed in one data set (e.g., H1),
while the odd counts were placed in the second data set (e.g.,
H2), creating interleaved datasets that are count statistically
independent of each other, while preserving identical scan
conditions (e.g., patient movement) (Fig. 1). Next, these two
split data sets were reconstructed (including scatter and
attenuation correction).

To assess the noise-induced variability of Zr-89 -
immuno-PET at an injected dose of 37 MBq74mJ, the original
[®Zr]antiCD20 dataset (74 MBq) was split in two equal
parts (H1 and H2), which were reconstructed in count-
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reduced images of 37 MBqyaiyj. To assess whether noise-
induced variability is independent of the investigated mAb,
the original [**Zr]antiEGFR mAb dataset (37 MBq) and [*°
ZrlantiCD44 mAb dataset (37 MBq) were used to produce
count-reduced images of 18 MBqs7inj (H1 and H2). In
addition, the [*°Zr]antiCD20 mAb dataset (74 MBq) was
split again (H1) resulting in count-reduced images at 25 %
of the injected dose (18 MBqy4inj) (Q1 and Q2). To keep the
statistical analysis similar for all three datasets, we did not
split and analyze the second dataset (H2) (effectively
creating Q3, Q4) as the [*Zr]antiEGFR mAb and [*
ZrlantiCD44 mAD datasets only had the availability of two
splits (H1, H2).

All tissue and tumor VOIs were applied to the count-
reduced images, resulting in AC; from the first count-
reduced image (H1) and AC, from the second count-reduced
image (H2). For the [*Zr]antiCD20 mAb dataset, all VOIs
were also applied to the count-reduced images at 25 % of the
injected dose (Q1 and Q2).

For normal tissue AC can Was derived, for tumors AC ax,
ACpcax and ACp.n were derived [11]. All ACs were
converted into standardized uptake values (SUV), correcting
for injected dose and body weight.

Noise-Induced Variability Analysis

Noise-induced variability was assessed as described by
Bland and Altman [12, 13]. The measured uptake from each
of the two count-reduced images was considered as repeat
measures of the same quantity.

Per group of n VOIs, the mean percentage difference and
standard deviation (SD) over the percent differences were
calculated. The mean percentage difference is expected to be
negligible, as the noise between images is assumed to be
normally distributed around zero.

Repeatability coefficients (RC) in percent were calculated
according to Eq. 1:

RC(%) = 1.96-5D = 1.96-CV,,(%), (1)

100%557)

where A is (AC; —AC,) per VOI, MV is the mean value
0.5 x (AC; + AC,) per VOI, 100 % is multiplication by 100,
SD the standard deviation over all percentage differences for
n VOI in the group, and CVy,, the coefficient of variation
within scan.

RC were expressed as a percentage instead of absolute
value, as the difference between AC; and AC, scaled
linearly with the mean value of AC; and AC,, Furthermore,
the mean percentage difference was calculated as well by
taking the average A over all VOIs in the group. The mean
percentage difference and the RC combined define the limits
of agreement (LoA). As a result, the LoA were directly
related to the coefficient of variation. Use of a relative unit
allows for comparison with other studies, irrespective of the
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measurement unit used (e.g., type of normalization used to
calculate SUV).

Reliability Analysis

To estimate the contribution of noise-induced variability to
the observed differences between patients or tumor lesions,
the ICC was calculated in addition to the RC. The ICC was
calculated as the proportion of the total variance that is due
to the true variance. True variance reflects biological
differences, for example, between patients or between tumor
lesions, while the total variance comprises both true variance
as well as the measurement variance (Eq. 2).

0.2

ICC = —— | 2
Commrey @

where .., is the variance between the n VOI per group, op2
is the variance over the differences between AC; and AC,.
For a reliable measure, a high ICC is expected, as an ICC of
1 reflects that all measured variance can be attributed to
biological differences (the contribution of measurement
variability is negligible). An ICC of 0 signifies that all
measured variance can be attributed to measurement
variability (no detection of biological differences beyond
measurement variability). In general, an ICC of >0.7 is
considered acceptable [14]. The 95 % confidence interval of
the ICC was obtained to estimate the precision of the ICC.
ICCs and 95 % confidence intervals (two-way random
model, single measure, absolute agreement) were calculated
using SPSS software (SPSS).

Results

Raw list mode data was retrieved for [*°Zr]antiCD20 mAb
(7 patients, 20 scans), [®Zr]antiEGFR mAb (7 patients, 21
scans), and [*°Zr]antiCD44 mAb (13 patients, 39 scans). List
mode data was available for all scans at all time points,
except for 1 patient in the [**Zr]antiCD20 mAb cohort who
was originally only scanned at DO and D6, and for which no
D3 scan was available.

All original datasets were split and reconstructed (Fig. 1).
However, not all splits could be reconstructed due to technical
limitations, leading to the exclusion of 7 out of 80 scans.
Technical limitations consisted of reconstruction failure (2
scans) and missing dicom information in the original data (5
scans). Acquisition time in h p.i. (average+SD (range min-
max)) for the included data was 1.3+0.5 (0.9-2.4), 72.5+£3.6
(65.7-77.5), and 147.6+ 8.0 (138.9-165.7) for [**Zr]antiCD20
mAb; 1.3£0.5 (1.0-2.4), 68.4+3.0 (64.6-72.8), and 143.2+
2.9 (138.1-145.9) for [*Zr]antiEGFR; and 1.5+0.3 (1.1-2.1),
22.1+15 (19.9-25.0), and 97.7+53 (91.2-114.3) for [*
Zr]antiCD44. The number of VOIs used for each analysis is
denoted in Table 1, and delineated organ and tumor volumes are
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VOI type [®Zr]antiCD20 [**Zr]antiEGFR [¥Zr]antiCD44

37 MBQqy4in; 18 MBQ74in; 18 MBQ37in; 18 MBQ37in;

DO D3 D6 DO D3 D6 DO D3 D6 DO D1 D4

n=7" n=6° n=6° n=7° n=6" n=:6° n=6% n==6 n=6 n=12 n=12 n=12
Brain 3.5 6.0 5.2 2.4 6.5 7.6 3.0 7.6 13.8 3.7 2.9 7.3
Kidney 1.2 4.8 52 2.6 6.5 6.8 3.5 7.1 12.5 3.7 3.5 9.1
Lung 1.1 0.6 0.8 1.5 1.6 2.7 1.6 1.8 34 1.0 1.6 6.7
Spleen 1.9 4.7 8.2 3.4 8.8 17.2 5.2 8.4 13.9 44 3.7 7.8
Liver 1.5 1.6 1.4 1.6 0.8 3.9 1.4 1.6 1.6 1.2 2.4 1.7
Combined 2.3 4.7 5.5 2.5 6.3 11.1 4.2 6.4 10.7 3.4 3.0 7.1
Blood pool 8.3 17.1 42.7 10.6 29.9 38.5 13.4 28.8 474 10.4 18.3 32.3
Bone marrow 15.1 12.4 20.6 23.9 21.0 38.4 20.7 19.6 26.6 13.0 17.8 20.7
Tumor - D3 D6 - D3 D6 - D3 D6 - D1 D4

n=26 n=32 n=26 n=32 n=17 n=17 n=19 n=19

SUV max - 41.6 41.5 - 39.1 45.5 - 34.9 54.1 - 29.5 335
SUVeak - 35.2 31.6 - 35.7 37.1 - 28.8 48.2 - 20.7 28.0
SUVnean - 26.7 24.5 - 26.8 26.6 - 354 32.7 - 20.1 24.2

Combined =all VOIs of brain, kidney, lung, spleen, and liver, analyzed together as one group. Data marked in gray is presented as Bland-Altman plots in

Fig. 2 (normal tissue) and 4 (tumor)
n number of VOIs per group

“No brain VOI obtained in patient 2 (outside field of view) and 6 (tumor localization in the nasopharynx)

"No brain VOI obtained in patient 6 (tumor localization in the nasopharynx)

“No kidney, lung, spleen, liver, blood pool, and bone marrow in patient 2 (outside field of view). No brain VOI obtained in patient 6 (tumor localization in the
nasopharynx). No brain VOI obtained in patient 1 (mismatch between low dose CT and PET image due to patient movement)

9No brain VOI obtained in patient 8 (outside field of view)

presented in Suppl. Table 1 (see Electronic Supplementary
Material, ESM).

Noise-Induced Variability Analysis

Normal Tissue Uptake

For [¥Zr]antiCD20 mAb, examples of the Bland Altman
plots for normal tissue are shown in Fig. 2. The correspond-
ing RC for all datasets are presented in Table 1, correspond-
ing SUV are presented in Suppl. Table 2 (see ESM). Liver
and lung show the best RC of all normal tissue VOI, <2 %
at all time points for [**Zr]antiCD20 (37 MBq74inj). Bone
marrow, a fixed-size VOI, shows a relative large RC,
ranging from 12 to 21 % over time for [*Zr]antiCD20
mAb (37 MBq74iy;). This pattern, showing smaller RC for
the manually delineated organs, and larger RC for blood
pool and bone marrow, was observed for [*Zr]antiCD20 (37
MBq74inj and 18 MBq74inj)) (Table 1 and Fig. 2). The
accompanying mean percentages differences were all near
zero and are presented in Suppl. Table 3 (see ESM). The RC
for [*Zr]antiCD20 mAb (37 MBQ74in) for all manually
delineated organs combined (liver, spleen, kidney, lung,
brain) increased from DO to D6, but remained within 6 % for
all measured time points (Fig. 3a).

For 18 MBQq74inj, the RC for the manually delineated
large organs remained within 12 % for all time points
(Fig. 3a). For the image-derived blood pool (Fig. 3b), RC
increased from 8 to 43 % from DO to D6. We observed

similar RC for [*Zr]antiCD20 (18 MBQq7ainj), [*
Zr]lantiEGFR (18 MBqs7inj), and [*°Zr]antiCD44 (18
MBq37iy;) for the manually delineated organs (Fig. 3c) and
for the image-derived blood pool (Fig. 3d). For the
individual normal tissue VOI (brain, kidney, lung, spleen,
liver, bone marrow), we found no apparent differences in RC
for the various antibodies, except for kidney D6.

A decrease in RC was observed for increasing SUV and
volume (Suppl. Fig. 1) (see ESM). For example, for the
fixed-size blood pool VOI (2.9 mL) for [*Zr]antiCD20
mAb (37MBq74inj), a decrease in RC from 42, 17, to 8 %
was observed, with a corresponding increase in SUV from
3.9, 5.8, to 11.7. For VOI with similar SUV (3.1-3.3) for [*
Zr]antiCD44 mAb (18MBq37iy;), a decrease in RC from 32,
18, to 4 % was observed, with a corresponding increase in
volume from 2.9 mL (blood pool), 8.6 mL (bone marrow),
to 309 mL (kidney).

Tumor Uptake

Bland Altman plots of tumor uptake of [**Zr]antiCD20 mAb
(37MBq74iy;) are shown in Fig. 4. Tumor RC are presented in
Table 1, corresponding SUV in Suppl. Table 2, for mean
percentages differences, see Suppl. Table 3. In contrast to the RC
for organs, RC for tumor uptake did not increase consistently
over time for [**Zr]anti-CD20 mAb. For tumor uptake of [*
Zr]anti-CD20 mAb (37 MBq4inj), the best RC at D6 was
obtained for SUV pean (26 %), followed by SUV e (34 %) and
SUV nax (41 %) (Table 1). The same rank order (increasing RC
for SUVineans SUVpeak, and SUV,,,,) was observed for [89
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Fig. 2 Noise-induced variability analysis of normal tissue uptake of [8°Zr]antiCD20 mAb. Manually delineated VOls (brain,
kidney, lung, liver, and spleen) are represented in black. Fixed-size VOIs (bone marrow and blood pool) are represented in red.
Mean percentage differences (solid lines) and corresponding limits of agreement (dashed lines) are presented for the combined
group of manually delineated VOIs (black) and the combined group of fixed-size VOIs (red). a [*°Zr]antiCD20 (37 MBGQy74in) at D3,
b [#9Zr]antiCD20 (37 MBGq74in) at D6, ¢ [*°ZrJantiCD20 (18 MBgyz4i) at D3, and d [*°ZrlantiCD20 (18 MBqy.4;) at D6.

Zr]antiCD44 mAb at D4 (18 MBqs7iy) and for [**Zr]antiEGFR
mAb at D6 (18 MBqsiy). For [*Zr]anti-CD44 mAb, the RC for
SUVeax increased from 21 to 28 % RC (D1 to D4). These
values were lower than for [**Zr]anti-CD20 mAb (Table 1).
However, data for [**Zr]antiCD44 mAb were acquired at
different time points after injection (D1 and D4) compared to
[®Zr]antiCD20 mAb and [*Zr]antiEGFR mAb (D3 and D6).
No differences were observed in RC for SUV ¢, between all
three mAbs at D3-D4, and between [¥°Zr]antiCD20 mAb and
[®Zr]antiEGFR mAb at D6. The differences between SUV,ean
and SUV,,., were significant for the three Zr-89 -mAbs
combined (D3-D4), as well as on D6 for [**Zr]antiCD20 and
[*Zr]antiEGFR combined.

Reliability Analysis

The ICCs for normal tissue and tumor uptake of Zr-89-mAbs
are shown in Table 2 and Suppl. Table 4 (see ESM). For the
manually delineated organs, ICCs > 0.9 were obtained at all
time points for [¥Zr]antiCD20 mAb (37 MBq74in; and
18 MBqy4inj). For [*Zr]antiCD20 mAb (37 MBqy4in)),
blood pool and bone marrow ICCs were lower, with values
as low as 0.74 and with wider 95 % confidence intervals
than for the manually delineated organs.

For tumor uptake of [¥ZrlmAbs, ICCs of >0.9 were
obtained in all datasets, despite RC of 40 %. Similar tumor
ICCs of 0.9 were obtained for [*°Zr]antiCD20 mAb (18
MBQ74inj), [*°Zr]antiEGFR mAb (18 MBq37yg,), and [¥

Zr]antiCD44 mAb (18MBqs7mp,g)- Increase in the range of
tumor uptake between tumor lesions over time for [*°
Zr]antiCD20 (37 MBqy4inj) (Fig. 5), resulted in a higher
ICC at D6. This trend was not observed for [**Zr]antiEGFR
(18 MBQ37mj)~

Discussion

In this study, noise-induced variability of quantitative uptake
measures was assessed for Zr-89 -immuno-PET for an
injected activity of 37 MBq based on count-reduced images.
As expected, a variable increase in RC was observed from
DO to D6 for the manually delineated organs (Table 1). In
general, the RC for the manually delineated large organs
combined (liver, spleen, kidney, lung, and brain) was within
6 % at all time points (DO, D3, D6) for [**Zr]anti-CD20
mAb (37MBqy4inj). Larger measurement variability was
observed for the bone marrow and blood pool VOIs with
RC up to 40 % at D6 for [¥Zr]anti-CD20 (37 MBq74in)-
These results are in line with an increase in RC for a lower
total activity in the VOI.

For tumor uptake of [**Zr]antiCD20 mAb (37 MBq74inj),
the lowest variability was obtained for SUV can (27 %),
followed by SUV eak (35 %), while SUV ..« (42 %) resulted
in the highest measurement variability (Table 2). This is as
expected, since for a given VOI the mean value takes all
voxels into account, in contrast to the peak value (based on
a limited number of voxels) and max value (based on a
single voxel).
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Fig. 3 Repeatability coefficients (%) of normal tissue uptake of Zr-89-labeled mAbs. a The combined group of manually
delineated organs for [8%Zr]antiCD20; b blood pool for [E°ZrlantiCD20; ¢ the combined group of manually delineated organs for
[89Zr]antiCD20 (18 MBq74in), [2°Zr]antiEGFR (18 MBdazin), and [°ZrlantiCD44 (18 MBaazin); and d blood pool for [2°ZrlantiCD20
(18 MBQy4in), [29Zr]antiEGFR (18 MBQa7in), and [39ZrlantiCD44 (18 MBQqayin)-

RC for the three Zr-89 -mAbs were similar. Therefore,
the observed measurement variability is independent of the
differences in biodistribution between these three Zr-89 -
mAbs. These results suggest that similar noise-induced
variability can be expected for other Zr-89 -mAbs, assuming
harmonized image quality and a biodistribution within the
same range as the Zr-89 -mAbs investigated in this study.

With the count-reduced images, noise-induced variability
for an injected dose of 18 MBq was assessed for all three
mADbs. RC for combined organs were up to 12 % at all time
points (range D0-D6). Tumor RC varied between 20 and
54 %, depending on time point and VOI delineation method.

Despite relatively large RC for tumor, blood pool, and
bone marrow, overall reliability for the three clinical Zr-89 -
immuno-PET studies previously reported [7-9] was

excellent (ICCs approximately 0.9). ICC values are given
to show, for these Zr-89 -mAbs in their respective patient
cohorts, that the measured differences in tumor uptake do
exceed the variability induced by noise. ICC values,
however, cannot be extrapolated to other Zr-89 -mAbs or
even different patient cohorts imaged with the same Zr-89 -
mAD.

As our study provides an assessment of measurement
variability due to the signal-to-noise ratio, other sources of
measurement error are not represented in this reliability
assessment (Eq. 2). Factors affecting Z-deoxy—z-[lsF]ﬂuoro—
p-glucose (['*FJFDG)-PET quantification have been de-
scribed previously [15]. Repeatability assessed by a classical
test-retest study contains intra-patient variability between the
test and the retest scan as well. For a test-retest study with
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40+ . 40
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T 20 - . I 20 .
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Fig. 4 Tumor uptake of [2°Zr]antiCD20 (37 MBdy74iny). Bland-Altman plots for two count-reduced images (H1 and H2) for SUVeax
at a D3 and b D6. Solid lines represent mean percentage difference, and dashed lines represent upper and lower LoA.
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Table 2. ICC for blood pool, bone marrow, and tumor uptake of Zr-89-labeled mAbs

ICC (lower-upper 95 % CI)

[*Zr]antiCD20 (37 MBQ74in;)

DO

D3

D6

Blood pool
Bone marrow
Tumor (peak)

Blood pool
Bone marrow
Tumor (peak)

Blood pool
Bone marrow
Tumor (peak)

Blood pool
Bone marrow
Tumor (peak)

0.91 (0.56-0.98)
0.81 (0.26-0.96)
NA

DO
0.92 (0.59-0.99)
0.72 (0.11-0.94)
NA

DO
0.98 (0.87-1.00)
0.93 (0.59-0.99)
NA

DO
0.99 (0.95-1.00)
0.96 (0.86-0.99)
NA

0.78 (-0.22-0.97)

0.98 (0.86-1.00)

0.92 (0.83-0.96)
[*Zr]antiCD20 (18 MBqy4in;)

D3

0.25 (=0.60-0.84)

0.90 (0.50-0.99)

0.89 (0.78-0.95)
[**Zr]antiEGFR (18 MBqs37iy)

D3 )

0.96 (0.75-0.99)

0.98 (0.88-1.00)

0.94 (0.47-0.99)
[*Zr]antiCD44 (18 MBqs7in;)

DI

0.97 (0.89-0.99)

0.96 (0.86-0.99)

0.97(0.91-0.99)

0.74 (-0.27-0.97)
0.97 (0.59-0.99)
0.98 (0.96-0.99)

D6
0.79 (~0.19-0.98)
0.72 (-0.05-0.97)
0.97 (0.93-0.98)

D6
0.89 (0.43-0.98)
0.91 (0.55-0.99)
0.88 (0.47-0.99)

D4
0.95 (0.83-0.99)
0.87 (0.60-0.96)
0.96 (0.90-0.99)

Zr-89 -immuno-PET, the following factors are expected to
play a role (1) biological factors: e.g., uptake period (higher
uptake levels at increasing time interval between injection
and start of PET study), estimated at 1 % for +1 h [16, 17]
and (2) physical factors: VOI definition, estimated at <1 %
for max and peak AC to 8 % for mean [18]. Based on the
results of our study, we expect that noise-induced variability
will be a major contribution to measurement variability in a
Zr-89 -immuno-PET test-retest study (3 % for large organs,
20 % for tumor, values presented as SD instead of RC for
comparison).

In previously reported test-retest studies of repeatability
of ["®F]IFDG-PET, RC of <10 % have been reported for
tumor uptake on ['®*F]JFDG-PET, resulting in thresholds of
10-15 % needed to detect therapy-induced changes in

A . 3TMBGrn (D3)
304
N
I
S 204
> o_,"
? o
104 w’.' ICC =0.92
&
N
0 - T T T 1
0 10 20 30 40
SUVpeax H1

patients with non-small cell lung cancer [19-21]. For Zr-89
-immuno-PET (37 MBq74iyj), We obtained similar RC of less
than 10 % for mean activity concentrations of manually
delineated organs. However, for tumor uptake on Zr-89 -
immuno-PET, RC up to 42 % for SUV,,,, reflect the much
lower signal -to- noise ratio in Zr-89 -immuno-PET scans in
comparison to ['*FJFDG-PET scans. When immuno-PET
with Zr-89-labeled mAbs is used to assess response to
treatment (e.g., by alteration of antigen expression [22]),
knowledge on measurement variability should be applied to
set corresponding thresholds, following the example of the
use of thresholds for response assessment with ["*FIFDG-
PET. For data already obtained, RC from our study are
relevant to allow correct interpretation, as differences
smaller than the measurement variability cannot be attributed

b 37MBar ©08)
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Fig. 5 Tumor uptake of [®°Zr]antiCD20 (37 MBGay74in). Scatterplots of SUVeq in split H1 versus split H2 at a D3 and b D6.

Dashed lines represent the line of identity.
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to biological effects. Measurement variability (given as RC)
is independent of the study population. In addition, RC of
tumor and blood pool are of interest when selecting an
appropriate uptake measure and/or VOI delineation method.

Tumor-to-blood ratios, which are commonly used, will result
in even worse RC due to propagation of the individual RC as
both numerator and denominator contain measurement variabil-
ity. Future work may include an investigation to optimize
delineation methods for image-derived blood pool (e.g.,
delineation of a larger region in the left ventricular cavity
compared to a smaller fixed-size VOI in the aortic arch) to
reduce noise-induced variability. We designed this study based
on patient data to provide a clinically relevant assessment of
measurement error. This study provides the first description of
noise-induced variability for Zr-89 -immuno-PET. In literature,
more sophisticated applications of the technique of count-
reduced images have been described [23, 24]. By using
bootstrapping, the difference between the two image estimates
can be obtained more precisely, which may allow for an
examination of the change of noise-induced variability with
patient-specific factors such as tumor size, uptake, patient size,
and location of the tumor in the patient. In addition, through
application of this technique, the effect of lowering the injected
dose on quantitative accuracy can be assessed.

Our results suggest that, as expected, measurement error may
be dependent on volume and uptake (Suppl. Fig. 1). In future
work, phantoms could be used to study dependencies of noise-
induced variability on, e.g., VOI volume and activity concen-
tration. Such phantom experiments could be combined with
tumor characteristics as derived from clinical Zr-89 -immuno-
PET studies (tumor volume, SUV, tumor -to- background ratio
and localization) to obtain a detection limit for tumor identifi-
cation. The trade-off between noise and contrast will determine
the optimal time point for tumor imaging. In addition, tumor
contrast on clinical images should be defined and characterized,
allowing for a recommendation on the optimal time points for
future clinical studies.

For potential application of immuno-PET with Zr-89-
labeled antibodies as a quantitative imaging biomarker to
predict which patients are likely to respond to antibody
treatment, the ability to distinguish biological differences in
antibody uptake between patients is required. We observed
excellent ICCs (lesion-based analysis), suggesting that an
injected dose of 18-37 MBq was sufficient for the datasets
included. In general, justification of the injected dose should
be based on the expected effect size in the population of
interest.

Another clinical application of Zr-89 -immuno-PET is
in vivo quantification of antibody biodistribution and tumor
uptake to assess novel antibodies during early phases of drug
development. For this purpose, noise-induced variability as
source of measurement error as reported in our study
(expressed as RC) can be applied to estimate the minimal
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measurement variability (e.g., for sample size calculations
for novel studies).

Conclusion

Based on this study, noise-induced variability results in a RC
for Zr-89 -immuno-PET (37 MBq) of less than 6 % for
manually delineated organs combined, increasing up to 43 %
at D6 for blood pool and bone marrow, assuming similar
biodistribution of mAbs. The signal -to- noise ratio in Zr-89
-immuno-PET scans leads to tumor RC up to 42 %.

Acknowledgements. We thank Magsood Yaqub (Department of Radiology
& Nuclear Medicine, VU University Medical Center, Amsterdam,
The Netherlands) for the PET analysis software and Birgit Witte
(Department of Epidemiology and Biostatistics, VU University Medical
Center, Amsterdam, the Netherlands) for statistical support. We thank F.
Hoffman-La Roche Ltd., Basel, Switzerland for providing support of the [*°
Zr]-antiCD44 imaging study.

Author Contributions. All co-authors have contributed significantly to this
manuscript. DH, MH, and Y7 contributed to conception/design of the study.
IM, DV, HCV, SZ, CM, DH, and YJ contributed to data acquisition. DH,
MH, and YJ performed data analysis. DH, OH, HMV, RB, GD, CM, AL,
MH, and YJ contributed to data interpretation. All authors contributed to
drafting/revising the manuscript and have approved the final
content.FundingThis research was financially supported by the Dutch
Cancer Society (grant VU 2013-5839 to YJ).

Compliance with Ethical Standards

Conflicts of Interest

DH is employed by Philips Healthcare. No potential conflicts of interest
relevant to this article were reported.

Ethical Approval

All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.

Informed Consent

Informed consent was obtained from all individual participants included in
this study.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appropri-
ate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Lamberts LE, Williams SP, Terwisscha van Scheltinga AG, et al
(2015) Antibody positron emission tomography imaging in anticancer
drug development. J Clin Oncol 33:1491-1504

2. Pandit-Taskar N, O’Donoghue JA, Beylergil V, et al (2014) ¥Zr-
huJ591 immuno-PET imaging in patients with advanced metastatic
prostate cancer. Eur J Nucl Med Mol Imaging 41:2093-2105

3. Jauw YWS, Menke-van der Houven van Oordt CW, Hoekstra OS et al



1034

(2016) Immuno-positron emission tomography with zirconium-89-
labelled monoclonal antibodies in oncology: what can we learn from
initial clinical trials? Front Pharmacol 7:131

Armstrong IS, James JM, Williams HA, et al (2015) The assessment
of time-of-flight on image quality and quantification with reduced
administered activity and scan times in '®F-FDG PET. Nucl Med
Commun 36:728-737

Bruijnen S, Tsang-A-Sjoe M, Raterman H, et al (2016) B-cell imaging
with zirconium-89 labelled rituximab PET-CT at baseline is associated
with therapeutic response 24 weeks after initiation of rituximab
treatment in rheumatoid arthritis patients. Arthritis Res Ther 18:266
Hagens MH, Killestein J, Yaqub MM, et al (2017) Cerebral rituximab
uptake in multiple sclerosis: a *°Zr-immunoPET pilot study. Mult
Scler Apr 1. https://doi.org/10.1177/1352458517704507

Jauw YWS, Zijlstra JM, de Jong D, et al (2017) Performance of ¥Zr-
labelled-rituximab-PET as an imaging biomarker to assess CD20
targeting: a pilot study in patients with relapsed/refractory diffuse
large B cell lymphoma. PLoS One 12:¢0169828

Menke-van der Houven van Oordt CW, Gootjes EC, Huisman MC,
et al (2015) 3°Zr-cetuximab PET imaging in patients with advanced
colorectal cancer. Oncotarget 30:30384-30393

Menke-van der Houven van Oordt CW, Gomez-Roca C, van Herpen
C, et al (2016) First-in-human phase I clinical trial of RG7356, an
anti-CD44 humanized antibody, in patients with advanced, CD44-
expressing solid tumours. Oncotarget 43:80046-80058

Makris NE, Boellaard R, Visser EP, et al (2014) Multicenter
harmonization of **Zr PET/CT performance. J Nucl Med 55:264-267
Boellaard R, Delgado-Bolton R, Oyen W1, et al (2015) FDG PET/CT:
EANM procedure guidelines for tumour imaging: version 2.0. Eur J
Nucl Med Mol Imaging 42:328-354

Bland JM, Altman DG (1986) Statistical methods for assessing
agreement between two methods of clinical measurement. Lancet
1:307-310

Giavarina D (2015) Understanding Bland Altman analysis. Biochem
Med 25:141-151

20.

21.

22.

23.

24.

Jauw Y.W.S. et al.: Noise-Induced Variability of Immuno-PET

Nunnally JC (1994) Psychometric theory, 3rd edn. McGraw-Hill, New
York

Boellaard R (2009) Standards for PET image acquisition and
quantitative data analysis. J Nucl Med 50:Suppl 1:11S-20S

Shah DK, Betts AM (2012) Towards a platform PBPK model to
characterize the plasma and tissue disposition of monoclonal
antibodies in preclinical species and human. J Pharmacokinet
Pharmacodyn 39:67-86

Klettering P, Maall C, Reske S, et al (2015) Physiologically based
pharmacokinetic modeling is essential in °°Y-labelled anti-CD66
radioimmunotherapy. PLoS One 5:¢0127934

Jauw Y, Hoekstra O, Mulder E, et al (2016) Inter-observer agreement
for tumour uptake quantification of ¥*Zr-labelled anti-CD20 antibod-
ies with PET. J Nucl Med 57(Suppl 2):1412

Lodge MA (2017) Repeatability of standardized uptake value in
oncologic 'F-FDG PET. J Nucl Med. 2017. https://doi.org/10.2967/
jnumed.116.186353

Kramer GM, Frings V, Hoetjes N, et al (2016) Repeatability of
quantitative whole-body 18F-FDG PET/CT uptake measures as
function of uptake interval and lesion selection in non-small cell lung
cancer patients. J Nucl Med 30:1343-1349

Hoekstra CJ, Hoekstra OH, Stroobants SG, et al (2002) Methods to
monitor response to chemotherapy in non-small cell lung cancer with
'SF-FDG PET. J Nucl Med 43:1304-1309

Gaykema SB, Schroder CP, Vitfell-Rasmussen J, et al (2014) 897
trastuzumab and *°Zr-bevacizumab PET to evaluate the effect of the
HSP90 inhibitor NVP-AUY922 in metastatic breast cancer patients.
Clin Can Res 20:3945-3954

Lartizien C, Aubin J-B, Buvat I (2010) Comparison of bootstrap
resampling methods for 3-D PET imaging. IEEE Trans Med Img
29:1442-1454

Markiewicz PJ, Reader AJ, Matthews JC (2015) Assessment of
bootstrap resampling performance of PET data. Phys Med Biol
60:279-299


http://dx.doi.org/10.1177/1352458517704507
http://dx.doi.org/10.2967/jnumed.116.186353
http://dx.doi.org/10.2967/jnumed.116.186353

	 Clinical Images
	Abstract
	Introduction
	Materials and Methods
	Data Sources
	Image Generation and Analysis
	Noise-Induced Variability Analysis
	Reliability Analysis

	Results
	Noise-Induced Variability Analysis
	Reliability Analysis

	Discussion
	Conclusion
	Acknowledgements
	Author Contributions
	Compliance with Ethical Standards
	References


