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The aim of this work was to develop a theranostic method that

allows prediction of prostate-specific membrane antigen (PSMA)–
positive tumor volume after radioligand therapy (RLT) based on a

pretherapeutic PET/CT measurement and physiologically based

pharmacokinetic/pharmacodynamic (PBPK/PD) modeling at the ex-

ample of RLT using 177Lu-labeled PSMA for imaging and therapy
(PSMA I&T).Methods: A recently developed PBPK model for 177Lu-

PSMA I&T RLT was extended to account for tumor (exponential)

growth and reduction due to irradiation (linear quadratic model).
Data from 13 patients with metastatic castration-resistant prostate

cancer were retrospectively analyzed. Pharmacokinetic/pharmaco-

dynamic parameters were simultaneously fitted in a Bayesian

framework to PET/CT activity concentrations, planar scintigraphy
data, and tumor volumes before and after (6 wk) therapy. The

method was validated using the leave-one-out Jackknife method.

The tumor volume after therapy was predicted on the basis of pre-

therapy PET/CT imaging and PBPK/PD modeling. Results: The
relative deviation of the predicted and measured tumor volume for

PSMA-positive tumor cells (6 wk after therapy) was 1% ± 40%,

excluding 1 patient (prostate-specific antigen–negative) from the

population. The radiosensitivity for the prostate-specific antigen–
positive patients was determined to be 0.0172 ± 0.0084 Gy−1.

Conclusion: To our knowledge, the proposed method is the first

attempt to solely use PET/CT and modeling methods to predict the
PSMA-positive tumor volume after RLT. Internal validation shows

that this is feasible with an acceptable accuracy. Improvement of

the method and external validation of the model is ongoing.
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Recently several studies have been published reporting the
safety and efficacy of radioligand therapy (RLT) using 177Lu-la-
beled prostate-specific membrane antigen (PSM)–specific peptides
for the treatment of patients with metastatic castration-resistant
prostate cancer (mCRPC) (1–4). Hematologic, renal parameters

and changes in prostate-specific antigen (PSA) levels were inves-
tigated in most studies (1–4). No study so far has investigated the
relationship of the biologically effective dose (BED) and tumor
volume changes. A dose–effect relationship is, however, a pre-
requisite for an improved therapy and adequate treatment plan-
ning. To establish such a relationship, a mathematic model, which
describes both the pharmacokinetics and the pharmacodynamics
(PD) (i.e., tumor growth and radiation effect) is needed. With such
a model, tumor volume changes could be predicted on the basis of
the injected activity (peptide amount and ligand properties). A first
step toward that end was the development of a physiologically
based pharmacokinetic (PBPK) model for 177Lu-labeled PSMA
for imaging and therapy (PSMA I&T) (5–7). The next logical step
is to link the BED to tumor reduction.
The aim of this work was to develop a theranostic method that

allows predicting tumor volume after RLT based on a pretherapeutic
PET/CT and a PBPK/PD model. The model was developed using
data (including PET/CT and planar images) of 13 patients with
mCRPC treated with 177Lu-PSMA I&T. A recently published
PBPK model (7) was extended with a tumor growth and linear
quadratic model. Pathophysiologic and radiobiologic parameters
for 26 tumor lesions were estimated in a Bayesian framework (8).
The Jackknife method (9,10) was used for internal validation. The
prediction accuracy of the model was determined by comparing
the predicted and measured tumor volume 6 wk after therapy. The
prediction was based on the pretherapy PET/CT image and PBPK/
PD modeling.

MATERIALS AND METHODS

Patient Data

The patient data have been described elsewhere (4). In brief, the
data of 13 patients (5) with mCRPC were included (4). All patients

underwent the first-cycle 177Lu-PSMA I&T RLT. The patients re-
ceived 91.0 6 5.0 nmol PSMA I&T labeled with 7.3 6 0.3 GBq of
177Lu. The mean age and body surface area were 70 6 6 y and 2.0 6
0.12 m2, respectively. The institutional review board of the Technische

Universität München approved the compassionate use of 177Lu-PSMA
I&T in mCRPC patients without other therapy options. All procedures

performed in studies involving human participants were in accordance
with the ethical standards of the institutional or national research

committee and with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards. For this retrospective

study, informed consent was obtained from all individual participants
and the retrospective analysis of the data was approved by the Ethics

Committee of the Technical University Munich.
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Planar Therapeutic Imaging and Image Processing

Planar whole-body scintigraphy was performed as described pre-
viously (4). Two tumor lesions per patient with high uptake showing

no considerable overlap with other tissue, that is, other lesions or high
physiologic uptake, were investigated. In total, 20 bone and 6 soft-

tissue metastases were analyzed (Table 1). The activity in the tumor
region of interest included contributions from actual tumor and activ-

ity of the underlying muscle or adipose tissue. PBPK modeling was
used to correct for underlying tissue activity ((5) and supplemental

materials, section B, Equation B.1 [supplemental materials are avail-
able at http://jnm.snmjournals.org]). Three patients underwent post-

therapy scintigraphy at 5 time points, 1 patient at 4 time points, and
9 patients at 3 time points (5). For this study, time–activity data of

the kidneys, tumor, and total body were used (supplemental materials,
section B, Supplemental Table B.1).

PET/CT Imaging and Image Processing
68Ga-PSMA-HBED-CC PET/CT for pre- and posttherapeutic stag-

ing was performed as described previously (4,11). The average in-

jected amount of PSMA HBED-CC and 68Ga activity was 1.6 6 0.3
nmol and 115 6 16 MBq, respectively. The PET/CT image before

therapy was used to determine the tumor volume and the fraction of
injected activity required for fitting. For tumor volume determination,

SyngoVia (Syngo MMWP; Siemens Healthcare) was used. To esti-
mate the volume of a single lesion and to determine the fraction of the

tumor volume with PSMA-positive cells, a volume of interest with a
20%–50% of SUVmax isocontour adjusting the volume-of-interest op-

timal to the anatomic configuration of the lesion was drawn (4). The
postprocessing software application TrueD (Siemens Healthcare) was

used to derive the activity concentration of the kidney and 2 tumor
lesions (tumor 1, tumor 2). Background activity correction was

TABLE 1
Patients Data and Measurements

PSA (ng/mL) Time difference (d)

PET/CT tumor

volume (mL)

Patient Therapy

Second

PET/CT

First PET/CT

to therapy

Therapy to second

PET/CT Location

Before

therapy

After

therapy

P1 513 259 20 42 Bone 9.4 7.7

Bone 19 12

P2 49 29 21 42 LN* 2.1 1.2

Liver 4.2 3.9

P3 31 56 13 42 Bone 14 19

Bone 52 102

P4 97 69 21 42 Bone 14 15

Bone 31 29

P5 47 28 18 41 Bone 26 12

Bone 17 16

P6 2,905 2,310 8 42 Bone 81 79

Bone 92 96

P7 0.23 0.07 35 41 Bone 48 32

Lung 37 4.6

P8 1,193 181 12 41 Bone 5.7 3.3

Bone 19 14

P9 2,547 2,158 63 41 Bone 15 32

Bone 8.7 17

P10 2,471 4,194 15 41 Bone 1.9 2.4

Bone 5.3 6.4

P11 7 3.9 20 41 Bone 0.33 0.33

LN* 1.2 1.7

P12 161 139 21 38 Bone 9.9 11

Bone 8.7 11

P13 133 113 19 38 LN* 5.9 10

LN* 2.0 2.1

Mean 781 939 22 41 18 24

SD 1,112 1,374 14 1 22 30

Median 133 113 20 41 12 12

Range 0.23–2,905 0.07–4,194 8–63 38–42 0.33–92 0.33–102

*LN 5 Lymph node
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conducted within the PBPK model (supplemental materials, section B,

Equations B.2–3).
The activity and volume of all other tumor lesions—named REST

tumor in the following—were obtained by adding up all lesions slice
by slice as described in the supplemental materials, section B, Equa-

tion B.4.

PBPK Model Structure

SAAMII and Popkinetics (12) (version 2.2; The e-Group) were used for
modeling and fitting. For the pharmacokinetic part of the model, a recently

developed whole-body PBPK model was applied (5,6). The PBPK model
includes all relevant biologic mechanisms such as blood flow, diffusion,

PSMA-specific binding, and internalization as well as excretion.

Tumor Effect Model

Tumor growth and reduction was modeled using exponential growth

and the linear quadratic model for the surviving fraction. Considering

the slow net growth rates for prostate cancer and the time interval
between the pretherapeutic PET/CT and therapy (#3 wk in 11/13 pa-

tients) and posttherapy PET/CT (6 wk), simple exponential growth is a
good approximation to Gompertzian growth or other growth models.

The volume of the tumor VTU,total,0 was thus described:

VTU;totalðtÞ 5 VTU;total;0 · eðlg · t2 aTU · BEDTUÞ Eq. 1

BEDTU 5 DTU ·
�
11

GTU

aTU=bTU

· DTU

�
Eq. 2

where t is the elapsed time starting from the pretherapeutic PET/CT,

VTU;total;0 is the volume of the first PET/CT, lg is the net growth rate
(bone lesions: 5.1 · 1026 min21; soft-tissue lesions: 3.8 · 1026 min21) as

reported by Berges et al. (13) for androgen-independent cells,

BEDTU is the biologically effective dose, and aTU is the intrinsic
radiosensitivity of PSMA-positive tumor cells. The radiosensitivity

aTU is fitted. It represents rather an effective value as it is not known
to which extent radiation (lethally) damaged cells still express

PSMA until they die.
The volumes determined by the posttherapy PET/CT were included

as measurement data (assuming a relative error of 10%) for the fitting
process. The elapsed times from the first PET/CT to therapy and to the

second PET/CT were 8–63 d and 38–42 d, respectively (Table 1). The
aTU/bTU ratio (1.49 Gy) and repair rate mTU (0.0061 min21) were

assumed to equal those determined for brachytherapy for primary
prostate cancer (14) and were incorporated as fixed values. The

Lea–Catcheside factor G of each tumor lesion was numerically de-
termined within the PBPK model according to (15):

GTUðTÞ5 2

DTU
2
·

Z T

0

D
•

TUðtÞdt ·
Z t

0

D
•

TUðvÞ

· e2mTUðt2vÞdv:
Eq. 3

For the calculation of the absorbed dose, only the self-dose was
considered:

D
•

TUðtÞ 5 ATUðtÞ · STU)TU 5 Ainj · aTUðtÞ · STU)TU Eq. 4

DTUðTÞ 5
Z T

0

D
•

TUðtÞdt 5 Ainj · ~aTUðTÞ · STU)TU Eq. 5

The dose factors for the tumor lesions were derived from OLINDA/
EXM (16) data as described in the supplemental materials, section A,

Table B. The dose factors were assumed to be
constant during therapy.

Population Fitting

For parameter estimation, an iterative fit-

ting approach (Fig. 1) (9) was used. To de-
termine the population parameters, the model

parameters for each patient were simulta-
neously fitted to the activity concentration

of the pretherapeutic PET, the time–activity
data during therapy, and the tumor volumes.

Thus, 10 adjustable parameters (with Bayes-
ian term) were fitted to a minimum of 17 data

points. Tumor growth (exponential) and re-
duction (linear quadratic model), different

peptide properties (e.g., molecular size), and
injected amounts for PET/CT and therapy

were considered.
For internal validation the leave-one-out Jack-

knife method was used. For that purpose, 13
population parameter distributions were deter-

mined using the method described above leaving
out 1 patient each time. The quality of the fits

was checked according to Kletting et al. (17).

Individual Fitting and Prediction

Accuracy

To internally validate the prediction power

of the model, for each patient, the predicted
and the actual tumor volume were compared.

For that, the blood flow and receptor density of

FIGURE 1. Model fitting and prediction of tumor volume after treatment. Iterative fitting ap-

proach was used to determine Bayesian parameters for investigated population. On the basis

of the PBPK model, population parameters (as fixed or Bayesian information) and pretherapeutic

PET of excluded patient, volume after treatment was predicted and compared with measured

values. This was conducted for all (n 5 13) patients.
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each individual patient (7 parameters) were fitted with Bayesian in-

formation (of the 12 other patients) solely to the pretherapeutic PET/CT
data (1 data point per investigated region of interest). The release rates and

the radiosensitivity aTU were fixed to the mean value of the leave-one-out
population parameter. Fitting in a Bayesian framework allows having

more adjustable parameters than number of samples.
Thus, the predictions of the posttherapy tumor volume was based

on the PBPK/PD model, the population parameters of the 12 other
patients (as Bayesian information), and the pretherapeutic PET/CT of

each patient. The prediction accuracy of the tumor volume was
defined as the relative deviation, RD, of the simulated and measured

tumor volume, VTU;total;PETCT2, after therapy at the time of the second
PET/CT, tPETCT2.

RDTU;volume5
VTU;total;0 ·eðlg · tPETCT22aTU · BEDTUÞ2VTU;total;PETCT2

VTU;total;PETCT2

·100%:

Eq. 6

Predicted BEDs and Tumor Volume Changes

The BED was predicted using the PBPK/PD model, the jackknife

population parameters (including the aTU), and the pretherapy PET/
CT data. To demonstrate the relationship of tumor volume reduction

and BED, the predicted relative reduction of the tumor volume was
calculated for each lesion. The tumor volume at the beginning of

therapy was used as reference point, to normalize for varying time
intervals between the pretherapeutic PET and therapy.

RESULTS

Population Fitting

The radiosensitivities aTU provided in Table 2 show the aver-
aged values and pertaining SD (leaving out the corresponding

patient) after convergence of the iterative fitting process. The
Jackknife method showed that patient 7 (PSA-negative) consider-
ably changed the population values (Table 2). Thus, this patient
was removed and in a second step the Jackknife method was again
applied to the reduced population. The average radiosensitivity
aTU of the 13 investigated patients and the population without
patient 7 was estimated to be 0.022 6 0.022 Gy21 and 0.0172 6
0.0084 Gy21, respectively. For the reduced patient population,
visual inspection showed excellent fits, except for patient 5, tumor
2. The coefficient of determination R2 (supplemental materials,
section C, Table 2) was greater than 0.8 for all curves in all
patients, except for patient 5, tumor 1 (R2 5 0.77) and tumor 2
(R2 5 0.40), and for patient 3, total body (R2 5 0.73). A typical fit
and the one with the lowest R2 are depicted in supplemental ma-
terials, section C, Figure C.1. All fits yielded coefficients of var-
iation (relative standard errors) less than 50% for any estimated
parameter, except aTU of patients 3 (52%) and 9 (56%). Elements
of the correlation matrix were between 20.76 and 0.71. The val-
ues of the estimated parameters are in a physiologically reasonable
range, that is, comparing favorably to literature values (supple-
mental materials, section C, Table 1).

Individual Fitting and Prediction Accuracy

Visual inspection showed excellent fits. The coefficients of var-
iation were less than 27% for all blood flows and less than 71% for
the tumor receptor densities. Elements of the correlation matrix
were between 20.88 and 0.71.
The mean relative deviation of the measured and predicted

tumor volume in the investigated population (without patient 7)
was determined to be 1% 6 40% (Table 2; Fig. 2).

TABLE 2
Predicted Therapeutic and Posttherapeutic Quantities Based on Pretherapy PET/CT

Patient

RD (%)

VTU,Tumor (mL)

D

predicted* (Gy)

BED

predicted* (Gyα/β)

Therapy

predicted*

Posttherapy

predicted*

Reduction

predicted* (%)

T1 T2 αTU (Gy−1), T1, T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2

P1 −17 57 0.0176 ± 0.0091 28 17 48 24 11 22 6.4 19 41 11

P2 34 −17 0.0174 ± 0.0091 24 24 36 36 2.3 4.7 1.6 3.2 31 31

P3 −18 −43 0.0161 ± 0.0080 13 13 17 16 15 57 15 59 −0.95 −2.4

P4 −4.7 10 0.0152 ± 0.0066 15 16 21 23 16 36 15 32 7.9 11

P5 120 13 0.0186 ± 0.0080 19 17 27 24 30 20 27 18 10 6.3

P6 30 23 0.0172 ± 0.0090 6.6 6.2 7.7 7.1 85 97 103 118 −21 −21

P7 — — — — — — — — — — — — —

P8 49 28 0.0165 ± 0.0086 21 20 31 30 6.3 21 4.9 17 22 19

P9 −26 −15 0.0187 ± 0.0076 13 11 17 14 24 14 24 14 1.8 −3.2

P10 −23 −15 0.0182 ± 0.0086 17 16 25 21 2.2 6.0 1.9 5.5 14 8.3

P11 3.0 −32 0.0182 ± 0.0086 17 17 25 23 0.38 1.4 0.34 1.1 11 16

P12 −3.9 −12 0.0174 ± 0.0090 15 15 21 21 12 10 11 10 5.6 6.1

P13 −58 −66 0.0163 ± 0.0083 24 39 36 74 6.8 2.2 4.3 0.72 36 68

Mean 1 0.0172 17.7 26 21 21 13

SD 40 0.0084 6.9 14 25 30 19

*Predicted 5 these values were determined (for the beginning of therapy and 6 wk after therapy) using the pretherapeutic PET/CT/and the PBPK/PD model.

RD 5 relative deviation of predicted and measured tumor volumes 6 wk after therapy; αTU 5 radiosensitivities estimated using populations fits and Jackknife method for PSA-positive

patients; D 5 absorbed dose; VTU,Tumor 5 tumor volume; Reduction 5 predicted reduction for 6 wk after therapy relative to the beginning of therapy; T1 and T2 5 tumor 1 and tumor 2.
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Predicted BEDs and Tumor Volume Changes

Table 2 shows the BEDs, the tumor volumes at the beginning of
therapy, and the predicted tumor volumes 6 wk after therapy. The
relationship between the predicted BED and the predicted tumor
volume reduction after therapy is depicted in Figure 3.

DISCUSSION

In this work, we developed a method to predict PSMA-positive
tumor volume after 177Lu-PSMA I&T RLT using the pretherapeu-
tic PET/CT and a PBPK/PD model. Data of 13 patients with
mCRPC were used. Pharmacokinetic parameters and the radiosen-
sitivity aTU were estimated using a PBPK/PD, the time–activity
data (PET/CT and planar images), and tumor volumes of 13 pa-
tients (26 tumor lesions). Data from literature values for growth of
androgen-independent prostatic cancer cells (13) and radiobio-
logic parameters (aTU/bTU and mTU) known from brachytherapy
(14) were used. The values obtained (PSA-positive patients) for
radiosensitivity aTU (0.0172 6 0.0084 Gy21) are 2.3-fold lower
than the mean values determined for primary tumor brachytherapy
(14). For internal validation, the leave-one-out Jackknife method
was used. The difference of the measured and predicted PSMA-
positive tumor volume (accessible to the peptide) was 1% 6 40%,
excluding the PSA-negative patient. In this patient, the radiosen-
sitivity aTU was considerably larger (0.068 Gy21).
Here, planar imaging was used to identify population parameters,

which were then included as Bayesian or fixed parameters for
individual fitting, prediction, and validation. Population parameters
were obtained by simultaneous fitting of 3-dimensional (prether-
apeutic PET/CT) and 2-dimensional (planar) data in combination
with sophisticated corrections methods. The more accurate PET/CT
allowed correcting data for the first hours of uptake, whereas the
information for later time points solely stems from planar imaging.
Therefore, we believe that the release rates may represent the most
uncertain parameters. Undoubtedly, it would be desirable to have
population values with lower SD. This could be achieved with
measurements that are more accurate and with the creation of
subpopulations depending, for example, on the PSA level.
Therefore, the focus of future work regarding this presented

model approach should be on analyzing a larger patient group in

whom SPECT/CT imaging was conducted and including more a
priori information of each individual. Planar imaging during
therapy is still standard practice although SPECT/CT data might
improve the accuracy of the estimated pharmacokinetic parame-
ters. Although we have included 3-dimensional information using
the pretherapeutic PET/CT for the fitting process, when 3-dimen-
sional imaging during therapy is used more lesions per patient can
be investigated, as the PBPK model allows correcting for over-
laying normal tissue but not for other lesions. More soft-tissue
lesions would be desirable, as it is inherently challenging to de-
termine volume changes in bone metastases. However, when both
were used, the PET and the CT information reduced the inaccur-
acy. An error of 10% to account for these uncertainties arising was
assigned. Further error in the calculation of the absorbed dose and
BED is introduced by assuming the tumor being a sphere, the
same radiobiologic parameters for all lesions, and a constant
growth rate over the whole time period. SPECT/CT data during
therapy will help to reduce the number of assumptions. However,
on the basis of our results it can be concluded that the assumptions
made in this study were useful for the investigated population.
Furthermore, we conducted the population study including

patients with a large variation in PSA levels. The prediction
accuracy would probably further increase using subpopulations
with similar PSA levels and treatment histories. More sophisti-
cated tumor dynamic models including compartments for various
conditions of tumor cells (vital, necrotic, lethally damaged) (18)
might improve the overall understanding of the treatment effects
and the relationships of the radiosensitivity and PSA or perhaps
the overall tumor load.
As this work focuses on the tumor dose–effect relation, we

did not define a clinical endpoint for dose effect on the kidneys
and salivary glands. Future work will include treatment effect
for normal tissue. Before applying this approach for a full in
silico clinical trial, further validation and extension of our
model is needed investigating the link between a PBPK/PD
model and clinical outcome parameters (e.g., overall survival).

FIGURE 2. Predicted versus measured tumor volume. Prediction is

based on PBPK/PD model, pretherapeutic measurement, and popula-

tion parameters.

FIGURE 3. Predicted tumor volume reduction versus predicted BED.

Predictions are based on PBPK/PD model, pretherapeutic measure-

ment, and population parameters. Clear dose–effect (i.e., BED-volume

change) relationship is visible. Note that for each patient different radio-

sensitivity was used. In addition, for bone and soft-tissue metastases

different growth rates were assumed.
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External validation, using the model and the population param-
eters to predict the volume changes in a different patient group,
is planned.

CONCLUSION

We present a method to model and predict tumor response in
RLT. The volume of PSMA-positive tumor tissue (6 wk after
therapy) was predicted on the basis of the pretherapeutic PET/CT
and a PBPK/PD model. The relative deviation of the predicted and
measured tumor volume was 1% 6 40%. Future work including a
refined model, definition of subpopulations, and use of SPECT/CT
data will help to improve further the prediction accuracy of the
model.
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