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The accuracy of 177Lu radiotracer concentration measurements us-
ing quantitative clinical software was determined by comparing in
vivo results for a digital solid-state cadmium-zinc-telluride SPECT/
CT system with in vitro sampling. Methods: First, image acquisition
parameters were assessed for an International Electrotechnical
Commission body phantom emulating clinical count rates loaded
with a lung insert and 6 hot spheres with a 12:1 target-to-back-
ground ratio of '77Lu solution. Then, the data of 28 whole-body
SPECT/CT scans of 7 patients who underwent 177Lu prostate-spe-
cific membrane antigen radioligand therapy were retrospectively ana-
lyzed. Three users analyzed SPECT/CT images for in vivo urinary
bladder radiotracer uptake using quantitative software. In vitro radio-
pharmaceutical concentrations were calculated using urine sampling
obtained immediately after each scan, scaled to SUVs. Any in vivo or in
vitro identity relations were determined by linear regression (ideally,
slope = 1 and intercept = 0), within a 95% confidence interval.
Results: Phantom results demonstrated lower quantitative error for
acquisitions using the 113-keV '77Lu energy peak rather than including
the 208-keV peak, given that only low-energy collimation was available
in this camera configuration. In the clinical study, 24 in vivo-in vitro
pairs were eligible for further analysis, with 4 having been rejected as
outliers (via Cook distance calculations). All linear regressions (R? =
0.82, P < 0.0001) provided identity in vivo—in vitro relations (95% con-
fidence interval), with SUV averages from all users giving a slope of
0.96 £ 0.13, an intercept of —0.07 + 0.46 g/mL, and an average residual
difference of 19.5%. In acquisitions with the lower-energy 77Lu energy
peak, solid-state SPECT/CT imaging provided an accuracy to within
approximately 20% of in vivo urinary bladder radiotracer concentra-
tions. Conclusion: This noninvasive in vivo quantitation method can
potentially improve diagnosis, patient management, and treatment re-
sponse assessment and provide data essential to 777Lu dosimetry.
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Prostate—speciﬁc membrane antigen (PSMA) radiolabeled with
77Lu is a novel therapeutic option for patients with advanced
metastatic castration-resistant prostate cancer. Given resistance or con-
traindications to conventional therapies, and proven PSMA-expressing
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tumors via imaging (e.g., ®®Ga-PSMA PET), '77Lu-PSMA shows
promise (/). This '7’Lu/%8Ga radiopharmaceutical pair is one of a
broader range of treatment—diagnostic pairs in the relatively new
branch of theranostics in nuclear medicine (2). A typical treatment
consists of up to 6 or 7 cycles of an activity of 6 to 7.4 GBq of
177Lu-PSMA at intervals of 6-8 wk (3). The concept is that PSMA-
expressing cancer cells preferentially incorporate the PSMA ligand
along with the 77Lu label. B-radiation (0.498-MeV maximum en-
ergy) is emitted as part of the 77Lu decay, which has a half-life of
159.6 h (3). Auger and conversion electrons also contribute signif-
icantly to the spectrum of high-energy electrons emitted (4). This
radiation is cytotoxic and may cause tumor necrosis.

SPECT/CT imaging provides a means to visually assess the body
distribution of the treatment dose and to evaluate the response to
therapy by demonstrating !7’Lu-PSMA uptake in prostate cancer
lesions. Quantitative SPECT imaging enables a nonsubjective track-
ing of response to treatment by providing absolute measures of
177Lu-PSMA uptake in the tumor. Additionally, quantitative SPECT
provides data essential for dosimetry of '77Lu-PSMA (5) as well as
of other 7’Lu-radiolabeled ligands (6-8) and other radiotherapies
currently of interest in the medical community (/,7,9). In general,
there has been interest in absolute quantitative SPECT since the
common implementation of the modality (/0-12), further enabled
by the advent of SPECT/CT hybrid systems, which provide a reg-
istered CT scan useful for attenuation correction of absorbed y-ray
photons (13,14). SPECT/CT also provides added clinical value by
the precise localization of radiotracer uptake (/5—17). Quantitative
SPECT/CT has the potential to improve clinical outcomes, with
direct applications in additional areas such as assessing disease pro-
gression, measuring coronary flow reserve, and performing neuro-
transmitter brain imaging of receptor density and occupancy (/0).

Currently, the available computing power for commercial SPECT/
CT systems has led to the clinical use of iterative reconstruction
algorithms that can correct for the effects of collimation (collimator
modeling or resolution recovery), scatter, and attenuation, ameliorat-
ing artifactual results that degrade absolute quantitative results.
Additionally, current imaging workstations can be provided with
commercial quantitative software that facilitates the tasks neces-
sary for practical quantitation, such as tools for drawing volumes
of interest (VOIs) and calculating decay-corrected radiopharmaceu-
tical concentrations from coregistered SPECT/CT images (18).

In addition to B-emission essential for treatment, !77Lu emits 2
types of y-rays at energies suitable for SPECT imaging: 113 keV and
208 keV (Table 1). The intensity of these emissions are 6.2% and
10.4% of the decays, respectively (4). These photon count densities
are suitable for imaging because they are of the same order of
magnitude as diagnostic radiotracers even though the injected activ-
ity for treatments is much higher. Appropriate imaging parameters
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TABLE 1
Energies and Intensities of y-Ray Emissions per Nuclear
Decay of '77Lu

Energy (keV) Intensity (%)

71.6 0.172
112.9 6.17
136.7 0.0469
208.4 10.36
249.7 0.2008
321.3 0.210

for quantitative '7’Lu SPECT have been investigated previously for
conventional sodium iodide Anger cameras (4,19,20). However, a
new generation of solid-state—based digital SPECT cameras is now
available, using no scintillation or photomultipliers for y-ray detec-
tion. These cameras have cadmium-zinc-telluride (CZT) detectors
that provide direct energy conversion in detection (/8). These CZT
whole-body SPECT systems have the potential to provide better
spatial resolution, better energy resolution, and superior patient po-
sitioning options (27). The current study aimed to assess the accu-
racy of 77Lu radiotracer concentration measurements by comparing
in vivo results with in vitro sampling using quantitative clinical
software and a digital solid-state CZT SPECT/CT system.

MATERIALS AND METHODS

Phantom Study

Image acquisition parameters were assessed for an International
Electrotechnical Commission body phantom emulating clinical count
rates loaded with a lung insert and 6 hot spheres with a 12.1:1 target-
to-background ratio of '7’Lu-PSMA in solution. The target-to-back-
ground ratio was higher than the 4:1 or 8:1 ratios typically used with
this phantom for PET studies (22), and it was chosen both to increase
the likelihood that the smallest hot sphere would be imaged and to
mimic the comparatively intense '7’Lu-PSMA uptake found in prostate
cancer patients. The background concentration was 110 kBg/mL at the
time of the first acquisition, which was chosen to approximate a clinical
count density. Subsequent acquisitions at background concentrations of
65, 29, and 15 kBg/mL were achieved via radiotracer decay. SPECT
acquisitions were performed on a digital solid-state whole-body camera
(Discovery 670 CZT; GE Healthcare) (/8). The camera is hybrid, with a
coaxial 16-slice CT gantry. SPECT acquisitions comprised 120 frames,
with 3° between frames for a duration of 30 s/frame, on a 128 x 128
matrix. Immediately subsequent CT imaging provided a 2.5-mm slice
thickness with a 512 x 512 matrix spanning a 50-cm transverse field of
view, acquired using a peak voltage of 120 kV and current ranging from
80 to 200 mA (varied automatically as per object attenuation at each
axial location). SPECT reconstruction on a Xeleris Workstation (version
4.0; GE Healthcare) used an ordered-subset expectation maximization
algorithm with 10 subsets, 4 iterations, and no postprocessing filter,
rendering 4.4-mm voxels. Resolution recovery (collimator modeling),
scatter correction, and CT-based attenuation correction were applied
within the ordered-subset expectation maximization. The camera con-
figuration used lead collimators with square holes at a pitch of 2.46 mm
and a hole length of 5 mm. The septal thickness of 0.2 mm is similar to
what is traditionally referred to as low-energy collimation.

For this phantom study, 4 methods were used (Table 2) to compare
the effect acquisition parameters. Configured in low-energy mode, only
the low-energy '7’Lu peak (113 keV) was imaged, since the upper
energy peak (208 keV) was truncated. In high-energy mode, the upper
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TABLE 2
Phantom Imaging Acquisition Parameters for 4 Methods

Image energy Scatter energy

window (keV) window (keV)

Method Peak(s) Range Peak(s) Range
LE 113 TEW 113 101.7-124.3 96.6 91.6-101.6
129.4 124.4-134.4
HE 113, 208 113 101.7-124.3 96.6 91.6-101.6

TEW

208 187.2-228.8 129.4 124.4-134.4
182 177.5-186.6
234 229.3-238.7
HE 208 TEW 208 187.2-228.8 182 177.5-186.6
234 229.3-238.7
HE 208 DEW 208 187.2-228.8 166 145.3-186.7

LE and HE = low and high energy, respectively; 113 and 208 =
113 and 208 keV, respectively; TEW and DEW = triple- and dual-
energy windows, respectively.

energy peak could be included either with or without the lower energy
peak. The 2 energy modes switch the internal settings of each CZT
module, supplying 2 ranges: 50 keV-200 keV and 90 keV-1 MeV. The
high-energy resolution may be slightly worse than the low-energy mode.

Generally, triple-energy-window scatter correction was used, except
for 1 high-energy, 208-keV peak acquisition using dual-energy-window
scatter correction, which was included because it has been shown to
give reasonable quantitative results with '7’Lu (/9). The energy win-
dows used were similar to those found appropriate for quantitative
imaging of '77Lu (/9). Planar sensitivity (i.e., counts per second per
megabecquerel or s~! MBq™!) for each method was determined for
comparison (23). For the phantom, these sensitivities were adjusted as
inputs to the commercial quantitative software (described below) in
order to give the known volumetric background radiotracer concentra-
tion (the ~110 kBg/mL composition) at acquisitions times. Adjusting
these volumetric sensitivities is equivalent to adjusting the SPECT cal-
ibration factor (24). Each of the 4 acquisition methods required its own
volumetric sensitivity value.

Background error and lung residual error were analyzed by methods
standard for this phantom (25). Recovery coefficients (ratio of measured
to expected radiotracer concentrations) for the 6 hot spheres were based
on SUV e (26). Here, SUV = C/[A/m], where C is the measured
concentration (Bg/mL) from quantitative imaging, A is the decay-cor-
rected activity (Bq), and m is the mass (g) of the phantom background
or, in a clinical study, of the patient. By sampling the SUV ., of a 1-
mL sphere moved through the VOI, and taking the maximum value, the
SUVpeax Was found. Measurements were made automatically by in-
house software after manual slice selection. Recovery coefficients of
the 4 different methods were compared by calculating the mean squared
error (MSE) from the ideal ratio (12.1:1):

MSE = ((SUVpewt) /12.1-1)". Eq. 1

1

1M

N =

i

Here, the background is expected to have an SUV of 1 g/mL, and the 6
hot spheres (index i) are expected to have SUVs of 12.1, given the
12.1:1 target-to-background ratio. The background error, lung residual
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error, and mean squared error of the 4 different phantom acquisition
methods for 4 different background concentrations each were com-
pared (¢ test, P < 0.05).

Clinical In Vivo-In Vitro Study

The accuracy of '77Lu radiotracer concentration measurements using
quantitative software was determined by comparing clinical in vivo
SPECT/CT results with in vitro urine sampling. This method of valida-
tion was first described by Zeintl et al. with respect to *™Tc quantita-
tion (27). The existing standard practice at our institution comprised
whole-body SPECT/CT acquisitions at nominal times of 4, 24, and
either 48 or 72 h after '”7Lu-PSMA treatment, with a nominal 6-GBq
activity (/) and a routine request for a urine sample immediately after
imaging. The pelvis was in the field of view of the final bed position
to minimize the delay between in vivo and in vitro measurements. In
this retrospective study, the first 7 patients provided 28 in vivo—in vitro
pairs for comparison. The number of scans per treatment cycle is listed
in Supplemental Table 1 (supplemental materials are available at http:/
jnm.snmjournals.org). Urine sample volumes (~8 mL) were determined
by net weight. All activities were measured in a dose calibrator (Cap-
intec 25R) in a low-background environment, with the same model vial
(plastic Vacuette Tube, 9 mL; Greiner Bio-One GmbH) and positioning.
The dose calibrator '77Lu settings had been determined by a National
Institute of Standards and Technology-traceable 177Lu sample, and the
estimated error was under 2%. SPECT/CT imaging parameters were the
same as for the phantom study configured in low-energy mode for
the low-energy peak (low-energy 113-keV triple-energy window), ex-
cept that 3 bed positions gave eyes-to-thighs tomography and a duration
of 12 s/frame was used. All radiotracer activities were decay-corrected
to the start of the scan time. Patient information (decay-corrected in-
jected activity and weight) was used to scale measurements of absolute

concentration (MBg/mL) as SUV (g/mL). The institutional review
board approved this retrospective study, and the requirement to obtain
informed consent was waived.

Three users analyzed SPECT/CT images for in vivo urinary bladder
radiotracer uptake with quantitative software (Q.Metrix; GE Health-
care) using 3 different methods for selecting the VOI (Supplemental
Fig. 1). In method A, a nuclear medicine physician delineated the
uptake in the bladder by visual estimation of the margins in the
nuclear image. In method B, a physicist set a threshold such that all
voxels included within the urinary bladder had measured radiotracer
concentrations greater than or equal to 42%, the maximum voxel value
within the selected VOI (Fig. 1), consistent with methods for finding
metabolic tumor volume in PET (28), and a reasonable threshold for
SPECT volume quantitation under clinical acquisition conditions (29).
In method C, a naive user (a junior physicist) selected a sphere of
maximal size that could fit within the urinary bladder as displayed
in the CT images. The CT and SPECT images were coregistered, with
the VOIs displayed on both. All users ensured that the VOIs fell within
the anatomic region of the urinary bladder as found in the CT images.
Partial-volume corrections were not a feature of the commercial quan-
titative software used, so a relatively large volume of expected homo-
geneous uptake (urinary bladder) was chosen for the validation. The
quantitative software provided average radiotracer concentrations
within the VOISs, scaled in units of absolute radiotracer concentration
(MBg/mL) and SUV (g/mL).

Any in vivo—in vitro identity relations were determined by weighted
linear regression (ideally slope = 1, intercept = 0) within a 95%
confidence interval, with outliers identified and rejected for pairs
exceeding a threshold of 3 times the mean Cook distance for the
regression (30,31). Agreement between any 2 observers for the in
vivo quantitation was measured by Cohen k-statistics. The level of

NM Coronals

NM Sagittals

CT Transaxials

NM Transaxials

Patient Gender:Male

Patient Height:172 cm
Injection:156.91 mCi

Patient Weight:103 kg

Sensitivity (cnt/minute/microCurie):12.21
Units:Uptake Scan at:19-Sep-2016 13:38

Organ Volume Total Mean StdDev. Maximum Minimum %Inj.Dose
(m1) (MBgm1) (MBgm1) (MBgm1) (MBgm1) (%)
Il suv Above 37.38 65.0 204.27 3.14 0.69 4.93 2.07 3.58

FIGURE 1.

In vivo (SPECT) measurements. Example screenshot is shown of clinical quantitative software utility for method B. CT images (top) confirm

that VOI selected (green) on SPECT images (bottom) falls within urinary bladder. Absolute quantitative measurements are shown in text at bottom.
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FIGURE 2. Transverse images of hot spheres for 4 phantom acquisition
methods: low-energy 113-keV triple-energy window (A), high-energy 113-
and 208-keV triple-energy window (B), high-energy 208-keV triple-energy
window (C), and high-energy 208-keV dual-energy window (D). Imaging
with lower energy peak only (A) minimized residual error in cold lung insert
(arrow) compared with other acquisitions, which used high-energy peak.

agreement as per the k-results were interpreted as poor (k = 0.20),
fair, (0.20 < k = 0.40), moderate (0.40 < k = 0.60), good (0.60 < k
= 0.80), very good (0.80 < k = 0.90), or excellent (k > 0.90), with a
statistical significance level of less than 0.05.

RESULTS

Phantom Study

Phantom SPECT imaging established the camera volume sensi-
tivities to be 5.5, 10.8, 6.1, and 6.7 s~! MBq ! for acquisition
methods low-energy 113-keV triple-energy window, high-energy
113- and 208-keV triple-energy window, high-energy 208-keV

TABLE 3
Comparison of Methods for Phantom Acquisition

Lung Recovery
Background  residual coefficient
Method error (%) error (%) MSE
LE 113 -5.0+£ 3.0 585+9.7 0.26 £ 0.24
TEW
HE 113,208 -8.6+29 67.9+5.1 0.35+0.25
TEW
HE 208 -45+21 684+6.3 0.35 £ 0.20
TEW
HE 208 -83+27 70.0+75 0.43 £ 0.20
DEW

MSE = mean squared error; LE and HE = low and high energy,
respectively; 113 and 208 = 113 and 208 keV, respectively; TEW
and DEW = triple- and dual-energy windows, respectively.

Data are mean + SD.
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FIGURE 3. Recovery coefficients for SUV e« of 4 phantom acquisition
methods as per sphere volume. Imaging with lower energy peak pro-
vides better quantitation than including upper energy peak for this con-
figuration of digital camera. DEW = dual-energy window; HE = high
energy; LE = low energy; TEW = triple-energy window.

triple-energy window, and high-energy 208-keV dual-energy win-
dow, respectively. These sensitivity values were all within 13% of
the planar sensitivities (6.2, 12.5, 6.1, and 6.0 s~ 'MBq ™!, respec-
tively). Imaging with the lower energy peak only (low-energy 113-
keV triple-energy window) visibly minimized the artifactual uptake
in the cold lung insert compared with the other acquisitions methods
(Fig. 2). Adjusting window levels on the display made septal pen-
etration clearly evident as streaking in the images incorporating the
208-keV peak. Table 3 shows that the lung residual error and the
recovery coefficient mean squared error were significantly lower (P
< 0.05) for low-energy 113-keV triple-energy window than for the
other acquisition methods. Although the background error for low-
energy 113-keV triple-energy window (—5%) was significantly
lower than that for high-energy 208-keV triple-energy window
and high-energy 208-keV dual-energy window, it did not signif-
icantly differ from high-energy 113- and 208-keV triple-energy
window. A plot of recovery coefficients (Fig. 3) shows that for all
hot sphere sizes, low-energy 113-keV triple-energy window gave
values closer to unity than the other methods.

Clinical In Vivo-In Vitro Study

177Lu-PSMA treatment doses ranged from 3.9 to 6.7 GBq (Sup-
plemental Table 2). Urinary bladder sample concentrations ranged
from 0.1 to 6.8 MBg/mL (Table 4), which, scaled for patient weight
and activity at scan time, corresponded to SUVs ranging from 1.6 to
84 g/mL. Twenty-four in vivo—in vitro pairs were available for
further analysis (Fig. 4), with 4 having been rejected as outliers
via Cook distance calculations for the vivo—in vitro linear regression
(30,31). All weighted linear regressions (R? = 0.82, P < 0.0001)
provided identity in vivo—in vitro relations (confidence interval),
with SUV averages from all users giving a slope of 0.96 = 0.13,
an intercept of —0.07 = 0.46 g/mL (Table 5), and an average re-
sidual difference of 19.5%. The identity relation also held true when
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TABLE 4
Radiotracer Concentrations In Vitro and In Vivo (Urine Sample/SPECT)

In vitro sample

In vivo method A

In vivo method B In vivo method C

Study number (MBg/mL) (MBg/mL) (MBg/mL) (MBg/mL)
1 6.81 6.43 £ 2.12 7.68 £ 1.70 8.08 + 1.72
2 0.31 0.31 £ 0.05 0.28 + 0.05 0.28 + 0.06
3 0.17 0.17 £ 0.04 0.18 + 0.03 0.16 + 0.04
4 0.13 0.11 £ 0.03 0.14 £ 0.02 0.09 + 0.03
5 0.34 0.33 + 0.04 0.26 + 0.06 0.23 + 0.09
6 0.16 0.16 + 0.03 0.18 £ 0.02 0.16 + 0.03
7 0.67 0.76 + 0.09 0.70 £ 0.13 0.74 £ 0.12
8 0.78 0.78 £ 0.16 0.77 £ 0.17 0.77 £ 0.22
9 0.31 0.26 + 0.04 0.22 + 0.05 0.22 + 0.07

10 2.99 3.04 £ 0.73 3.14 £ 0.69 3.15 £ 0.81

11 0.75 0.79 £ 0.16 0.82 + 0.16 0.75 + 0.22

12 0.10 0.14 + 0.03 0.16 + 0.03 0.12 £ 0.05

13 2.00 2.60 + 0.64 2.77 £ 0.55 2.67 £ 0.73

14 0.71 0.69 £ 0.17 0.77 £ 0.15 0.50 + 0.27

15 0.14 0.16 + 0.05 0.22 + 0.04 0.14 + 0.07

16 1.93 3.06 + 1.22 4.03 + 0.86 2.98 +1.57

17 6.47 4.68 + 0.34 3.59 + 0.82 3.99 + 0.75

18 1.25 1.02 + 0.26 1.10 £ 0.24 0.96 + 0.37

19 0.46 0.40 + 0.05 0.33 + 0.07 0.34 £ 0.10

20 4.57 3.14 £ 0.24 2.69 + 0.52 3.00 + 0.38

21 0.91 0.88 £ 0.13 0.74 £ 0.16 0.75 £ 0.24

22 0.11 0.11 £ 0.03 0.11 £ 0.03 0.10 + 0.04

23 3.25 3.31 £ 0.56 2.73 £ 0.89 3.43 + 0.46

24 0.24 0.24 £ 0.04 0.21 £ 0.04 0.17 £ 0.05

25 0.17 0.13 £ 0.02 0.12 £ 0.02 0.09 + 0.03

26 1.56 1.66 + 0.21 1.60 + 0.26 1.62 + 0.26

27 0.12 0.22 + 0.05 0.26 + 0.04 0.21 + 0.06

28 1.19 1.35 + 0.66 1.91 + 0.41 1.35+0.71

In vitro data are estimated at <2% uncertainty for in vitro samples. In vivo data are mean + SD.

concentrations were scaled as MBg/mL (Table 5). Compared with
the other 2 methods, method A (visual delineation VOI) provided the
R? value closest to 1 and the lowest average residual difference in
SUV: 15.4% compared with 24.2% and 22.0% for methods B (42%
threshold VOI) and C (spheric VOI), respectively. The k-agreement
among the 3 methods of obtaining in vivo SUV was generally very
good, ranging from 0.85 (0.79-0.91, confidence interval) between
methods B and C to 0.87 (0.84-0.91, confidence interval) between
methods A and C.

DISCUSSION

For phantom acquisitions, the best quantitative results with the
CZT digital camera were from imaging the lower 113-keV peak of
177Lu only, neglecting the higher 208-keV peak, but is likely not
optimal. Collimator septal penetration was evident by the spillover
of counts into the cold lung insert, reducing its contrast, and by the
suppression of recovery coefficient values due to higher back-
ground counts when using the digital camera in high-energy mode.

SoLip-STATE SPECT/CT 77Lu QUANTITATION ©

This result contrasts with previous results for a standard y-camera,
in which a combination of data from the 2 energy peaks provided
the best quantitation. However, in the previous study an effective
source scatter estimation model was used and a medium-energy
collimator was used (/9). The latter difference reduces the septal
penetration that was visually evident in the 3 acquisition high-
energy modes of the CZT camera. When medium-energy collima-
tion becomes readily available for the digital camera, the inclusion
of the higher-energy peak in '77Lu image quantitation should be
revisited and will likely be the preferred methodology.

The sensitivity of this y-camera configuration for the 113-keV
(6.2 s7! MBq ') and 208-keV (6.1 s~! MBq ') emissions were
similar to each other and similar to a commercial sodium iodide
v-camera with a 1-cm-thick crystal and medium-energy collima-
tion (4). The lower photopeak detection efficiencies at the higher
energy are compensated by the higher y-ray emission intensity
(Table 1). More current models of this camera use collimators
with 4.5-mm hole lengths and CZT crystals 7.25 mm in thickness,
instead of 5 mm. Consequently, the camera sensitivities for !77Lu

Kennedy et al. 1385
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FIGURE 4. In vivo SPECT vs. in vitro urinary sample measurements: concentration (A) and SUVeax (B).

are expected to be somewhat improved over the values reported
here, as has been found for **™Tc¢ sensitivity values (21).

For CZT detectors, energy windows set below the photopeak
can be expected to include events from the photopeak itself because
of incomplete charge collection and incomplete photon detection
(32). Consequently, the scatter component is overestimated in the
forward projector during image reconstruction, diminishing the rel-
ative contribution of the photopeak component. The SPECT cali-
bration from the phantom study ameliorates this effect somewhat,
but this is a suboptimal solution and relies on phantom and patient
geometries being similar with respect to scatter. The average quan-
titation error of 20% reported here could likely be improved by

reducing scatter correction errors. Modeling and deconvolution (32)
methods have been implemented to improve scatter correction in
CZT dedicated cardiac SPECT cameras but are not part of the
vendor-supplied quantitative software used in this study.

For the patient study, there was an identity relationship between
in vitro and in vivo measurements of urinary-bladder-sampling
radiotracer concentrations scaled as volumetric activity (MBg/mL)
or as SUV (g/mL). Regardless of the collimator septal penetration
by higher-energy photons, acquisitions with the 113-keV peak
energy window provided reasonable quantitative SPECT results
with this digital camera configuration. All methods gave an identity
relationship, although method A, visual assessment of the VOI, had

TABLE 5
Linear Regression Parameters for In Vivo SPECT vs. In Vitro Sample Measurements
Method
Parameter A B C Average

SUV

Slope 0.996 0.926 0.985 0.956

95% Cl slope 0.893-1.10 0.732-1.113 0.856-1.115 0.823-1.088

Intercept (g/mL) -0.157 0.239 -0.351 -0.070

95% Cl intercept -0.550-0.235 -0.353-0.841 -0.815-0.113 -0.531-0.390

R? 0.948 0.829 0.919 0.910
Concentration

Slope 0.9835 0.887 0.977 0.938

95% Cl slope 0.880-1.09 0.705-1.068 0.840-1.108 0.800-1.076

Intercept (MBg/mL) -0.006 0.026 -0.022 0.000

95% Cl intercept -0.032-0.020 -0.013-0.656 -0.055-0.011 -0.032-0.033

R? 0.946 0.824 0.916 0.900

Cl = confidence interval.
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the best fit to the line of identity to the extent that it provided for the
slope closest to 1, the intercept closest to 0, the R? value closest to 1,
and the lowest average residual errors. Although this finding sug-
gests good accuracy for a trained eye using the digital SPECT and
the quantitative software, this method is the most subjective and
presents challenges to routine use. In general, there was very good
agreement among the 3 users applying the different methods of in
vivo measurement (k > 0.8). Considering that routine '7’Lu dosim-
etry presents a nonnegligible workload, much of which likely needs
to be performed by technicians (23), proper staff training is proba-
bly the key to the use of quantitative SPECT results in dosimetry.

CONCLUSION

Quantitative results for SPECT 77Lu imaging were optimal for
the low-energy mode of the CZT digital camera with wide-energy
high-resolution collimation. Urinary bladder concentrations of the
theranostic radiopharmaceutical, !”’Lu-PSMA, can be measured
in vivo using a solid-state SPECT/CT camera and a clinical quan-
titative software package, to within a good proximity of in vitro
results. This practical, noninvasive, in vivo quantitation method
can potentially improve diagnosis, improve treatment tailoring and
response assessment, and provide data essential to dosimetry.
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KEY POINTS

QUESTION: How accurate is in vivo quantitation of 177Lu radio-
tracer concentration using a digital solid-state SPECT system
compared with gold standard in vitro measurements?

PERTINENT FINDINGS: In vivo quantitation of 177Lu radiotracer
concentration in a digital solid-state SPECT system agrees with in
vitro urine sampling measurements to within about 20%.

IMPLICATIONS FOR PATIENT CARE: This practical, noninva-
sive, in vivo quantitation method can potentially improve diagno-
sis, improve treatment tailoring and response assessment, and
provide data essential to dosimetry.
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