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Tumor dosimetry was performed for 177Lu-DOTATATE with the aims
of better understanding the range and variation of the tumor-
absorbed doses (ADs), how different dosimetric quantities evolve
over the treatment cycles, and whether this evolution differs depend-
ing on the tumor grade. Such information is important for radiobio-
logic interpretation and may inform the design of alternative
administration schemes. Methods: The data came from 41 patients
with neuroendocrine tumors (NETs) of grade 1 (n 5 23) or 2 (n 5 18)
who had received between 2 and 9 treatment cycles. Dosimetry was
performed for 182 individual lesions, giving a total of 880 individual
AD assessments across all cycles. Hybrid planar–SPECT/CT imaging
was used, including quantitative SPECT reconstruction, voxel-based
absorbed-dose-rate calculation, semiautomatic image segmentation,
and partial-volume correction. Linear mixed-effect models were used
to analyze changes in tumor ADs over cycles, absorbed-dose rates
and activity concentrations on day 1, effective half-times, and tumor
volumes. Tumors smaller than 8 cm3 were excluded from analyses.
Results: Tumor ADs ranged between 2 and 77 Gy per cycle. On aver-
age, the AD decreased over the cycles, with significantly different
rates (P , 0.05) of 6% and 14% per cycle for grade 1 and 2 NETs,
respectively. The absorbed-dose rates and activity concentrations on
day 1 decreased by similar amounts. The effective half-times were
less variable but shorter for grade 2 than for grade 1 (P , 0.001). For
grade 2 NETs, the tumor volumes decreased, with a similar tendency
in grade 1. Conclusion: The tumor AD, absorbed-dose rate, and
activity uptake decrease, in parallel with tumor volumes, between
177Lu-DOTATATE treatment cycles, particularly for grade 2 NETs. The
effective half-times vary less but are lower for grade 2 than grade 1
NETs. These results may indicate the development of radiation-
induced fibrosis and could have implications for the design of future
treatment and dosimetry protocols.
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DOTATATE with 177Lu is well established for the treatment
of neuroendocrine tumors (NETs). A protocol of 4 cycles of

7.4 GBq administered at an interval of approximately 2 mo has
been proven safe and effective (1–3). Since the therapy is based
on ionizing radiation, the likelihood of tumor response is expected
to be related to the absorbed dose (AD) (4–11). Current data indi-
cate that the tumor ADs vary considerably between patients, from
a few grays to nearly 200 Gy (8,9,12–15). Most studies on tumor
dosimetry have focused on a single lesion in each patient, and
there are currently limited data on the variation in AD between
metastases within patients and variation across treatment cycles.
Such information is important to advance the understanding of
how the AD delivery is currently fractionated and to inform the
design of alternatives in which the activity per cycle, number of
cycles, or time between cycles in the standard administration
scheme are modified (4,7–9,11,16).
The AD is essentially calculated from a combination of an ini-

tial absorbed-dose rate and an effective half-time, in turn derived
from estimates of the activity concentration over time. Under-
standing changes in these input quantities is essential for a deeper
understanding of any systematic changes in the AD. Such informa-
tion is also important from a practical perspective. A varying ini-
tial absorbed-dose rate but a stable half-time implies that the latter
needs to be determined at cycle 1 only, thereby simplifying the
dosimetry protocol.
Tumor biology adds another level of complexity. Gastroentero-

pancreatic NETs are divided into grades G1, G2, and G3 based on
Ki-67 staining representing the proliferation rate. G1 tumors
(Ki-67 , 3%) are indolent, whereas G3 tumors (Ki-67 . 20%)
are more aggressive. G2 tumors have a proliferation rate of
3%–20%, with a moderate aggressiveness. Additionally, there is
an inverse relationship between somatostatin-receptor expression
and grade (17).
The aim of this work is to improve the understanding of how

the tumor AD is delivered over the treatment cycles, including the
effect of tumor grade. Further aims are to elucidate which underly-
ing quantity is mainly responsible for any changes in the tumor
ADs and whether dosimetry can be simplified.

MATERIALS AND METHODS

Patient Data
Data were obtained from the Iluminet trial (NCT01456078), for

which a detailed description has been published elsewhere (18). The
Iluminet trial was a phase II, nonrandomized clinical trial that included
103 patients at 2 sites in Sweden from 2011 to 2018. The trial included
patients with somatostatin-receptor–expressing NETs of gastroentero-
pancreatic or bronchopulmonary origin, with a Ki-67 index of up to
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20% (G1 and G2) based on the most recent biopsy before inclusion in
the study. They were given repeated cycles of 177Lu-DOTATATE
(7.4 GBq) at intervals of 10 6 2 wk. Treatment was continued up to a
renal biologically effective dose of 27 6 2 Gy unless tumor progres-
sion or treatment-limiting toxicity occurred earlier. Patients with a
good renal and hematologic tolerance, and no signs of tumor progres-
sion, were invited to continue up to a renal biologically effective dose
of 40 6 2 Gy. The final analysis of the trial results is under way. This
study is based on a subset of the Iluminet patients, acquired at one of
the study sites, and includes 41 patients who received 2–9 cycles.

Image Data
Two SPECT/CT systems were used, a GE Discovery VH and a GE

Discovery 670 (GE HealthCare). Images were acquired using medium-
energy collimators and energy windows centered on 208 keV, with
widths of 20% (GE Discovery VH) or 15% (GE Discovery 670).

Whole-body images were acquired at nominal times 1 h, 24 h
(day 1), 96 h (day 4), and 168 h (day 7) after administration. The
g-camera images were coregistered to a scout radiograph to enable
pixelwise attenuation and scatter correction (19).

SPECT/CT images were acquired on day 1, with 60 projections of
45 s each, a 128 3 128 matrix, and a pixel size of 4.42 3 4.42 mm2

(GE Discovery 670) or 4.02 3 4.02 mm2 (GE Discovery VH). The
low-dose CT images were rescaled to mass density using a 2-segment
linear function based on calibration measurements. For each set of
projection data, 3 different settings were used for the OS-EM recon-
struction (overview of image data analysis is shown in Supplemental
Fig. 1; supplemental materials are available at http://jnm.snmjournals.
org). The reason for this 3-fold reconstruction was that different steps
in the dosimetry process required images with different characteristics
(20,21). The first reconstruction (AS-8) was used for segmentation
and applied 8 iterations and 6 angles per subset with compensation for
attenuation and scatter (22). The second reconstruction (ASR-8), used
for visual inspection, also included distance-dependent resolution
compensation. The third reconstruction (ASR-40) was used for image-
based quantification, with 40 iterations and 6 angles per subset and
compensations for attenuation, scatter, and resolution. All SPECT
images were calibrated to reflect the activity per voxel by application
of a calibration factor from measurements in air (23). Absorbed-dose-
rate maps were calculated from the SPECT images (ASR-40) using a
voxel-based Monte Carlo program based on the EGS4 code with the
PRESTA (23,24).

Recovery coefficients (RCs) were determined by phantom measure-
ments of an elliptic water-filled Jaszczak phantom with 12 spheric
inserts with 177Lu-DOTATATE with volumes of 3.9–93 mL. Four
spheres were from a commercial vendor, whereas 8 spheres were 3D-
printed by fused filament fabrication. Images were acquired for 1–3
spheres at a time using the same acquisition settings as for patients
and reconstructed as ASR-40. The RC was calculated as the ratio of
the sphere activity estimated from images and the activity from
phantom preparation, and a function of the RC versus volume was
fitted (21).

Image Analysis
Tumors were delineated in the SPECT images using a semiautomatic

3-dimensional segmentation method based on Fourier surfaces (21). Ini-
tialization was done by manual delineation of volumes of interest
(VOIs) that roughly encompassed the tumor, using the ASR-8 SPECT
image for guidance. A closed surface was adapted to the tumor bound-
ary as represented by high image gradients in the AS-8 SPECT images,
which has been shown to preserve volume well (21). The VOI was
applied in the ASR-40 images, and the mean activity concentration was
calculated. The mean absorbed-dose rate was determined by applying

the same VOI in the absorbed-dose-rate maps. The RC for the VOI vol-
ume was applied to both the activity concentration and the absorbed-
dose rate.

Planar images were analyzed by identifying the tumors using an
in-house graphic user-interface. Segmentation was performed using a
semiautomatic method (20), which, when applied in the time sequence
of images, yielded tumor-specific time–activity data (in relative units).
Absorbed-dose rate as a function of time was determined by rescaling
the planar-derived data to the SPECT-derived absorbed-dose rate on
day 1. A curve was fitted, consisting of a monoexponential function
for the last 3 data points and a quadratic function for the early phase
(20). The AD was obtained by analytic integration of the absorbed-
dose rate.

The SPECT VOIs and planar regions of interest were verified by
the responsible oncologists using diagnostic images, such as contrast-
enhanced CT or MRI. In a few cases, the VOIs and regions of
interest were adjusted or redelineated, using the Otsu method (25) or a
manually selected threshold. Verification also aimed at ensuring that
the planar-derived data fulfilled the validity criteria described previ-
ously (20).

To make image-derived quantities consistent for statistical analysis,
the ADs, absorbed-dose rates, and activity concentrations were recal-
culated to a nominal administered activity of 7.4 GBq. The absorbed-
dose rates and activity concentrations were also adjusted to a reference
time point, set to the average time point of all SPECT/CT images
acquired on day 1 (21.7 6 1.5 h). This adjustment was based on the
effective half-time for the individual tumor or, if unavailable, the
mean half-time for other tumors within the same patient or else across
all patients. Different exclusion criteria were set for the analyses of
different quantities. A volume cutoff of 8 cm3 was applied to avoid
the bias observed for small volumes (21). For the AD and effective
half-time, tumors that suffered from substantial superposition of activ-
ity in the planar images were excluded (20). An additional criterion
was set for the effective half-time, to exclude cycles in which, for
practical reasons, not all 4 planar images were acquired.

Different alternatives for simplifying the dosimetry process were
evaluated in terms of how well the cumulative AD across all cycles
could be estimated. As a reference, tumors that met the selection crite-
ria for all cycles were identified and the cumulative ADs determined.
These were compared with the cumulative ADs when assuming a
constant AD estimated from the first cycle (A), using a constant half-
time estimated from the first cycle (B), or using grade-specific mean
half-time (C). Both B and C were combined with a cycle-specific esti-
mate of the absorbed-dose rate, assuming monoexponential washout.
The possibility of using the fitted linear mixed-effect model (LMM)
for interpolation of missing cycle data was also explored (D) and, as a
consistency check, the cumulative ADs obtained from Equation 1 (E).
Evaluation was made by means of Bland–Altman plots (Supplemental
Fig. 4).

Statistical Analysis
Changes over the treatment cycles were analyzed using an LMM in

R, version 4.0.2 (26, 27). Dependent variables were the AD, the
absorbed-dose rate on day 1, the activity concentration on day 1, the
effective half-time, and the tumor volume. The model was

Q n, gð Þi,j 5 exp q11q2 � g1n � k11k2 � gð Þ1Dqi1Dki � n1 Dqi,j1Dki,j � n
� �

Eq. 1

where n was the cycle number, g the grade status for the patient (G1,
g50; G2, g51), and Q n, gð Þi,j the dependent variable for tumor j in
patient i. Parameters q1 and q2 described the global intercepts—and k1
and k2 the mean rates of change with respect to the cycle number—for
G1 and G2. These parameters were treated as fixed effects. Parameters
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Dqi, Dki, Dqi,j, and Dki,j constituted the random effects, where Dqi and
Dki described the patient-specific differences from the global
intercepts and rates of change, whereas Dqi,j and Dki,j described the
tumor-specific differences from the sum of the fixed effects and the
patient-specific random effects. The 95% CIs for the rates of change
and the difference between G1 and G2 were also derived (28).

The mean value across all cycles was calculated using a second
LMM. This was constructed by omitting the cycle-dependent terms in
Equation 1, according to

�QðgÞ5q11q2 � g1Dqi1Dqi,j Eq. 2

The global mean for G1 and G2 were thus q1 and q11q2ð Þ, respec-
tively. The 95% CIs were constructed using the Confint function in R.

RESULTS

Of the G1 patients (n5 23), the primary-
tumor origin was pancreas (n5 1), small
intestine or right colon (n5 20), and lung
(n5 2). For G2 patients (n5 18), it was
pancreas (n5 7), small intestine or right
colon (n5 9), lung (n5 1), and unknown
(n5 1).
Altogether, dosimetry was performed for

182 tumors in 41 patients given between 2
and 9 treatment cycles, resulting in 880
AD assessments. Of these, the criterion for
activity concentration and absorbed-dose
rate analysis was fulfilled for 500 data
points, representing 138 tumors in 40
patients. From these, 404 fulfilled the crite-
ria for AD estimation, representing 109
tumors in 39 patients. The criteria for the
effective half-time were fulfilled in 301
cases, representing 104 tumors in 39
patients. As a result of the inclusion crite-
ria, not every patient and tumor was repre-
sented at every cycle.

Figure 1 shows examples of SPECT VOIs from the semiauto-
matic segmentation that in most cases yielded results consistent
with image data (21). The RC curve is shown in Figure 2. The
in-house–manufactured spheres provided a relevant volume range
with respect to partial-volume correction.
Figure 3 summarizes the AD per cycle, its variability, and how

the variability is decomposed over cycles for individual tumors,
between tumors, and between patients. The tumor AD ranged
between 2 and 77Gy, and there was substantial variation
both between cycles and between tumors. The median AD for G1
patients was 21Gy (first and third quartiles, 13 and 41; range,
3.5–66Gy) (rightmost panel). For G2 patients, the median was
13Gy (first and third quartiles, 7.4 and 24; range, 4.7 to 32Gy).
The overall difference between G1 and G2 was caused mainly by
a more pronounced AD decrease over the cycles for G2 (Fig. 4).
Calculated across all tumors, for G1, the medians for cycles 1–5
were 33, 33, 30, 26, and 28Gy, respectively, and 24Gy for 6

FIGURE 1. VOIs for cycle 1 (A and C) and cycle 4 (B and D) for 1 G1
NET patient (A and B) and 1 G2 NET patient (C and D). SPECT images are
shown as maximum-intensity projections overlaid on high-pass-filtered
maximum-intensity projections of CT.

FIGURE 2. Measured RCs and fitted curve.

FIGURE 3. Dispersion of AD per 7.4 GBq to tumors over cycles (left), within patients (middle), and
between patients (right) for G1 NETs (red) and G2 NETs (blue). In tumor graph, dots represent
median AD over cycles for each tumor, and whiskers are minimum and maximum AD. In patient
graph, dots represent median AD of medians for tumors, and whiskers are minimum and maximum
median AD. All-patients graph is box plot of median, first and third quartiles, and minimum and max-
imum of median ADs for patients.
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cycles or more. For G2, medians for cycles 1–5 were 27, 23, 15,
12, 8Gy, respectively, and 6Gy for 6 cycles or more.
Figure 5 shows examples of the AD evolution for individual

tumors over treatment cycles and how the LMM (Eq. 1) decom-
poses the intercepts and rates of change with respect to the indi-
vidual patient and tumor. The fixed-effect intercepts over all
patients and tumors for G1 (expðq1Þ) and G2 (exp q11q2ð Þ ) were
24.6 and 19.4Gy, respectively, and were not significantly different
(P50.3). The changes between consecutive cycles are summa-
rized in Table 1. On average, the AD rate of change for G2 was
20.15, corresponding to a 14% decrease between consecutive
cycles. For G1, the decrease was less pronounced, with a mean
rate of change of 20.06, or a 6% decrease between cycles, and the
upper limit of the 95% CI was near zero. The AD changes of G1
and G2 were significantly different.
The activity concentration exhibited a decrease similar to the AD

(Fig. 6), as did the absorbed-dose rate (Table 1). The median
absorbed-dose rates for G1 were 187, 175, 163, 136, 133, and

127 mGy/h for cycles 1–5 and for 6 cycles or more, respectively,
whereas for G2 they were 184, 167, 125, 87, 58, and 50 mGy/h.
The decreased AD over the cycles was thus associated with a
decreased absorbed-dose rate, in turn governed by a decreasing
activity concentration. The tumor volumes did not change for
G1, whereas for G2 a per-cycle decrease of 6% was observed
(Table 1). The fixed-effect intercepts were 20 cm3 and 16 cm3 for
G1 and G2 patients, respectively, and were not significantly differ-
ent (P5 0.4). The distributions of all tumor volumes at cycle 1 are
shown in Supplemental Fig. A2. For the effective half-time, a cycle-
dependent change was not observed (Table 1; Fig. 6). The averages
over all patients, all cycles, and all tumors (Eq. 2) were 103 h for
G1 (95% CI, 96–109 h) and 81 h (95% CI, 73–90 h) for G2. The
difference between G1 and G2 was significant (P , 0.001).
The cumulative ADs obtained using complete dosimetry and

the simplification alternatives are shown in Table 2 and Supple-
mental Fig. 3. The median cumulative AD was 137Gy (range,
33–403Gy) for G1 and 80Gy (range, 11–211Gy) for G2. The
assumption of a constant effective half-time across cycles yielded
a negligible systematic deviation both when estimated from the
first cycle (B) and as the grade-specific cohort means (C), whereas

FIGURE 4. AD as function of cycle for G1 NETs (left) and G2 NETs (right)
across all patients and all tumors. Whiskers indicate 5th and 95th percen-
tiles. At bottom, numbers of tumors and patients are indicated beneath
each box.

FIGURE 5. AD as function of cycle number (circles) for 2 patients, with
G1 NET (3 tumors, A) and G2 NET (2 tumors, B). Solid curves show fixed
effects combined with patient-specific random effects, each including
intercept and rate constant (Eq. 1). Dashed curves are tumor-specific
curves, obtained as sum of fixed effects and patient- and tumor-specific
random effects.

TABLE 1
Fixed-Effect Percentage Change from Previous Cycle

Change (% from previous cycle)

G1 G2

Dependent variable Mean 95% CI Mean 95% CI P (G1 vs. G2)

Activity concentration (MBq/mL) 26.1 211 to 20.89 214 220 to 28.4 0.04

Absorbed-dose rate (mGy/h) 26.2 211 to 20.93 214 220 to 28.3 0.04

Effective half-time (h) 20.69 22.1 to 0.77 21.2 23.4 to 1.1 0.7

Volume (cm3) 21.1 25.0 to 3.0 26.4 211 to 21.4 0.1

AD (Gy) 25.7 211 to 20.12 214 220 to 27.9 0.04

Data are calculated from rates of change from the LMM, such that for G1, change 5 exp k1ð Þ21, and for G2, change 5 exp k11k2ð Þ21,
with k1 and k2 as in Eq.1.
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the limits of agreement were wider when using the population
means. Assuming a constant AD across cycles (A) yielded the larg-
est deviations among the alternatives. The modest deviations
obtained using Equation 1 (E) confirmed the fit of the LMM to data.

DISCUSSION

We have found that when 177Lu-DOTATATE is given with a
fixed activity in repeated cycles, the tumor AD decreases over the
course of treatment, especially for G2 NETs. This decrease is
caused by a decreasing activity uptake in the tumors. We have
also found that there is a large variability in tumor ADs, both
between cycles for individual tumors and within and between
patients. This is an important observation for dosimetry-based
treatment planning with the objective of reaching a minimum
cumulative AD to tumors since it may be difficult to decide which
tumor AD should guide treatment.
The observed decline in activity uptake and volume for G2 may

be consistent with the development of radiation-induced stroma
and fibrosis observed in pancreatic NETs (29). For G1, the
declines are less pronounced, as could possibly be related to the
rate of cell necrosis (2). A low Ki-67 index means that a higher
proportion of cells are in the G0 phase of the cell cycle, and the
progression to cell death may thus be slower for G1 than G2 NETs.

This is also consistent with the published
relationships between tumor shrinkage and
cumulative AD at the time of best response,
which required a longer follow-up time for
small-intestinal NETs than for pancreatic
NETs, which generally have a higher Ki-67
(8,9,11).
The effective half-times are not obser-

ved to change over the treatment cycles
and are in rather narrow ranges, with signi-
ficantly shorter half-times for G2 than G1.
The lower ability to retain 177Lu-DOTA-
TATE for G2 NETs could be associated
with tumor-cell necrosis, recruitment of
immune cells, and washout via the lym-
phatic system (29,30). The limited varia-
tion in the effective half-times opens the
possibility of simplifying the dosimetry
method by estimating the tumor-specific
effective half-time for the first cycle and

then assuming an equal half-time for remaining cycles. The ampli-
tude of the curve will still need to be estimated for each cycle but
requires only 1 SPECT/CT examination.
A limitation in this study is that image segmentation and estima-

tion of the tumor volume are based on SPECT, thereby making
the VOI definition dependent on the activity distribution. The low-
dose CT acquired as part of SPECT/CT does not provide sufficient
quality for tumor identification, and the alternative would be to
use contrast-enhanced CT and coregistration of the SPECT image.
However, coregistration is known to introduce undesired interpola-
tion effects, and in view of the comparably small and differently
located tumors, this approach was not considered feasible. The
volume cutoff of 8 cm3 was applied to avoid negative bias in the
activity concentration for smaller volumes (21). Another limitation
is the use of planar imaging for assessing the effective half-time.
In previous studies, we have found good agreement with SPECT-
derived data for tumors without a substantial activity overlap in
the planar images (20).
LMMs are suitable for analysis of data that have complex

covariance structures, including longitudinal and hierarchical data.
For this study, the rates of change are based on repeated measure-
ments with variance components both between patients and
between tumors in the same patient. Technically, a linear function

FIGURE 6. Activity concentration (A) and effective half-time (B) as functions of cycle number for
G1 and G2 NETs across all patients and all tumors. At bottom, numbers of tumors and patients are
indicated beneath each box. For activity concentration in G1, 2 outliers at cycle 1 (6.8 and 7.5 MBq/
mL) are excluded.

TABLE 2
Relative Difference in Cumulative AD for 65 Individual Tumors over 2–9 Cycles When Introducing Simplifications to

Dosimetry Protocol, When Using LMM to Interpolate Missing Cycle Data, and When Using Complete LMM

Alternative Description Mean (%)
Limits of

agreement (%)

A Simplification using constant AD/cycle, from first cycle 15 55

B Simplification using constant effective half-time, from first cycle 0.43 13

C Simplification using constant effective half-time, global means (G1, 103 h; G2, 81 h) 0.01 31

D Interpolation, LMM intercept patient- and tumor-effective half-time (Eq. 2) 1.6 7.9

E Complete LMM for effective half-time or AD (Eq. 1) 21.0 3.3

Relative difference is calculated as (AD simplified protocol/AD complete dosimetry – 1). Limits of agreement are derived from
Bland–Altman plots (Supplemental Fig. A4).
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is fitted to the logarithm of the data (Eq. 1), thereby assuming an
exponential relationship between the dependent variable and cycle
number. We deemed a multiplicative change (e.g., 210% per
cycle) to be more appropriate than an additive change (e.g., 3Gy
per cycle).
For future treatment optimization, the ADs to healthy tissues

also need consideration. On the basis of previously reported renal
dosimetry data (18,31), we calculated tumor-to-kidney AD ratios
as a function of cycle (Fig. 7), obtaining values of between 0.33
and 17. For consistency, the rate of change in the kidney AD was
also analyzed by omitting the tumor-specific terms in Equation 1,
giving 95% CIs that covered zero for both G1 and G2. The
decreasing tumor-to-kidney ratio, observed mainly for G2, is thus
governed by the decreasing tumor AD. These results raise the
question of whether it would be more beneficial to administer
fewer cycles with a higher activity for G2. However, the specifics
of such a protocol would require detailed consideration of the
tumor-to-kidney AD ratios, as well as the risk of hematologic and
pituitary toxicity (4,7,16,32).

CONCLUSION

The tumor AD decreases between cycles in 177Lu-DOTATATE
treatment. The trend is more pronounced for G2 NETs than for G1
NETs and is governed mainly by a decreased activity uptake. G2
NETs also exhibit a decreasing volume over the cycles. The effec-
tive half-times do not demonstrate a systematic trend but are, on
average, lower for G2 than G1 NETs. These results have implica-
tions for the design of alternative administration schemes and
dosimetry protocols in 177Lu-DOTATATE treatment.
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KEY POINTS

QUESTION: Does the tumor AD change over treatment cycles in
therapy of NETs with 177Lu-DOTATATE?

PERTINENT FINDINGS: An exploratory analysis of 41 patients
showed a decrease in tumor ADs by 6% per cycle for G1 tumors
and 14% per cycle for G2 tumors, both statistically significant.
The per-cycle decrease was caused by a lower activity uptake in
the tumors and a decreasing volume, whereas the effective half-
times were less variable.

IMPLICATIONS FOR PATIENT CARE: The results have impli-
cations for the design of future administration protocols and for
the implementation of tumor dosimetry for 177Lu-DOTATATE
therapy.
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