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Summary of parameter
estimates based on 1000
simulated data sets (with
1 or 2 baselines) based on
the parameters shown in
Box 3

Anti-Aβ crenezumab: M&S Update
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The model is first fitted
to all patient data; mean
population parameters are
estimated along with
variability of each
parameter within the
population; Monte Carlo
simulations are generated
and compared to the
actual measured data.

4

Distribution of residuals
for each estimated data
point (left-hand panel)
superimposed on the
estimated gaussian
distribution with
mean = 0 and
sd = σerrcompared to
distribution of estimated
mixed-effects baseline
values (right-hand panel).

3.4 Enhancing Fraction and Enhancing Tumor Volume 3 RESULTS

idea of how close the response of each patient’s
lesions might deviate from the typical popula-
tion response. Most lesions appeared to respond
in a manner that is generally consistent with
the population response. Some notable excep-
tions are Patient 3, where Ktrans appears to re-
bound at a rate slower than predicted by the
mean population parameters while Patient 2 ap-
pears to exhibit both a faster rate of decrease
and rebound than predicted. Both the observed
Ktrans values and the Bayesian predictions for
Patient 10 do not appear to change significantly
during the course of treatment, suggesting that
this patient did not respond to treatment as as-
sessed by changes in Ktrans. Fig. 5 also illus-
trates that Bayesian predictions of lesion-specific
baseline are close but not necessarily identical
to the observed average pretreatment Ktrans be-
cause the pretreatment observations are compro-
mised by error like all other observations and
this error affects the pretreatment average as in-
dicated by the horizontal gray line before treat-
ment (cf. Eq. 11).

Figure 4 shows all fixed-effects predictions
(gray) and all Bayesian predictions (colored)
scaled to a baseline Ktrans value of 1. All Ktrans

curves for a single patient with multiple lesions
collapse into a single curve since Ktrans

ij (0) is the
only parameter that varies between lesions in
a single patient. Initial decrease in Ktrans fol-
lowing the single dose of bevacizumab appears
to exhibit either a fast rate of decrease that is
close in magnitude to the predicted population
response (Patients 1, 3, 5, 7) or a rate of decrease
that is faster than what would be expected of
the population (Patients 2, 4, 6, 8), where Pa-
tient 4 has a truncated Ktrans profile. There is
large variability in Ktrans rebound rates across
patients, where Ktrans may rebound over base-
line at the end of the observation period (patient
1) or exhibit a persistent substantial reduction
(patients 3, 8).
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Figure 6: Monte-Carlo simulations of fitted
mixed effects model. The median (solid red line)
plus 10%−90%, 25%−75% and 45%−55% quantiles of
simulations are shown (shaded regions) along with ob-
served Ktrans values for each DCE-MRI scan (circles)
[10%−90%, 25%−75% quantiles and medians of the ob-
served values are indicated by dotted, dashed and solid
black lines].

3.4 Enhancing Fraction and En-
hancing Tumor Volume

Multiplication of Ktrans by EF yields post-
treatment time profiles that are more consistent
across patients and lesions, with patient 9 ex-
hibiting Ktrans × EF curves typical of other le-
sions and patient 8, lesion 2 more closely resem-
bling the response of other lesions in that pa-
tient. In comparison, Ktrans × ETV exhibited a
wider range of patient responses ranging from a
rapid drop followed by an apparent rebound (pa-
tient 1) to continually decreasing Ktrans × ETV
values (patients 7 and 8).

Table 2 lists the estimated populations param-
eters for the model fitted to each metric (Ktrans,
Ktrans×EF (KEF) and Ktrans×ETV (KETV)).
The predicted population response as mea-
sured by changes in KEF, compared to the ob-
served Ktrans response, is a sharper initial post-
treatment drop (kKEF

out = 5.2 vs. kKtrans

out = 0.93)
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served values are indicated by dotted, dashed and solid
black lines].
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treatment time profiles that are more consistent
across patients and lesions, with patient 9 ex-
hibiting Ktrans × EF curves typical of other le-
sions and patient 8, lesion 2 more closely resem-
bling the response of other lesions in that pa-
tient. In comparison, Ktrans × ETV exhibited a
wider range of patient responses ranging from a
rapid drop followed by an apparent rebound (pa-
tient 1) to continually decreasing Ktrans × ETV
values (patients 7 and 8).
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eters for the model fitted to each metric (Ktrans,
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2.1 Estimation of Ktrans 2 METHODS

space within tissue (ve) and fractional CA flux
rates between blood plasma and tissue (Ktrans)
can be estimated based on DCE-MRI scans of
tissues of interest and used as an indicator of
treatment effect.
Here we fit a nonlinear mixed effects model to

estimated Ktrans values from a previously pub-
lished post-licensing study where 10 patients di-
agnosed with liver metastasis from a primary
colorectal cancer were treated with a single dose
of bevacizumab [10]. The mixed-effects mod-
eling approach [11, 12, 13] is implemented via
NONMEM [14], in order to estimate an average
summary response of the observed population
to treatment plus the variability of model pa-
rameters within the population.
All data analysis and modeling was performed

in a literate programming environment [15] by
implementing the Sweave function in the R pro-
gramming language [16, 17], which facilitates
generation of a single script that contains the
NONMEM control file, all R code required for sim-
ulations and generation of plots, tables and
LATEX [18] markup used to produce the final doc-
ument.

2 Methods

2.1 Estimation of Ktrans

O’Connor et al. [10] estimated the Ktrans model
parameter on a per-voxel basis using the ex-
tended Tofts version of the Kety model [7, 9]
along with image derived AIFs, when available;
otherwise a population AIF was used [6]. Us-
ing a standardized notation [19], the extended
Tofts/Kety model is written as

Ct(t) = Ca(t)⊗Ktranse−kept + vpCa(t), (1)

where Ktrans and kep are the fractional mass
transfer rates of CA in and out of extravascular
extracellular tissue space (EES) with dimension
1/time, vp is the dimensionless blood plasma
volume per unit volume of tissue, Ca is the CA
concentration in arterial blood and Ct is the im-
age derived CA concentration in tissue. ⊗ is the
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Figure 5. Area under the curve of voxel-wise Impulse Response Functions plotted against ve values
estimated by voxel-wise fitting of the Tofts model2. Upper panels plot values based on scans taken one
day before treatment; lower panels plot values based on scan taken one day after a single 10 mg/kg dose
of bevacizumab. Strong correlation is seen between the two metrics.
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Figure 2: Qualitative depiction of the model for re-
sponse of Ktrans to a single dose of bevacizumab. Prior
to treatment, Ktrans is at steady state and the Feed-
back compartment had a mass of zero. Upon admin-
istration of a single dose of bevacizumab Fin is set to a
new value equal to Fin×(1−loss). Bevacizumab induced
adjustment of Fin generates a feedback response which
acts upon kout, returning K

trans to the baseline value as
t → ∞. Note that Feedback = H2(t) in Equation 4.

convolution operator. The median Ktrans value
across all enhancing voxels was reported for each
lesion where enhancing voxels are those that
exhibit a significant difference (Mann-Whitney
Wilcoxon rank-sum test) between pre- and post-
contrast signals. This data is summarized in
Figure 1, which plots the observed Ktrans time
course for each lesion and patient, with straight
lines connecting the data points.

The Ktrans profile for lesion 2, patient 8 was
discarded since it appeared erroneous by com-
parison to all other lesions in this and the other
patients. Ktrans profiles from both lesions asso-
ciated with Patient 9 were discarded sinceKtrans

appeared to increase during treatment and thus
would not be adequately described by the struc-
tural model depicted in Fig. 2. All remaining
patients and lesions were included in the analy-
sis.

3

2.1 Estimation of Ktrans 2 METHODS

space within tissue (ve) and fractional CA flux
rates between blood plasma and tissue (Ktrans)
can be estimated based on DCE-MRI scans of
tissues of interest and used as an indicator of
treatment effect.
Here we fit a nonlinear mixed effects model to

estimated Ktrans values from a previously pub-
lished post-licensing study where 10 patients di-
agnosed with liver metastasis from a primary
colorectal cancer were treated with a single dose
of bevacizumab [10]. The mixed-effects mod-
eling approach [11, 12, 13] is implemented via
NONMEM [14], in order to estimate an average
summary response of the observed population
to treatment plus the variability of model pa-
rameters within the population.
All data analysis and modeling was performed

in a literate programming environment [15] by
implementing the Sweave function in the R pro-
gramming language [16, 17], which facilitates
generation of a single script that contains the
NONMEM control file, all R code required for sim-
ulations and generation of plots, tables and
LATEX [18] markup used to produce the final doc-
ument.

2 Methods

2.1 Estimation of Ktrans

O’Connor et al. [10] estimated the Ktrans model
parameter on a per-voxel basis using the ex-
tended Tofts version of the Kety model [7, 9]
along with image derived AIFs, when available;
otherwise a population AIF was used [6]. Us-
ing a standardized notation [19], the extended
Tofts/Kety model is written as

Ct(t) = Ca(t)⊗Ktranse−kept + vpCa(t), (1)

where Ktrans and kep are the fractional mass
transfer rates of CA in and out of extravascular
extracellular tissue space (EES) with dimension
1/time, vp is the dimensionless blood plasma
volume per unit volume of tissue, Ca is the CA
concentration in arterial blood and Ct is the im-
age derived CA concentration in tissue. ⊗ is the
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Figure 5. Area under the curve of voxel-wise Impulse Response Functions plotted against ve values
estimated by voxel-wise fitting of the Tofts model2. Upper panels plot values based on scans taken one
day before treatment; lower panels plot values based on scan taken one day after a single 10 mg/kg dose
of bevacizumab. Strong correlation is seen between the two metrics.
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Figure 2: Qualitative depiction of the model for re-
sponse of Ktrans to a single dose of bevacizumab. Prior
to treatment, Ktrans is at steady state and the Feed-
back compartment had a mass of zero. Upon admin-
istration of a single dose of bevacizumab Fin is set to a
new value equal to Fin×(1−loss). Bevacizumab induced
adjustment of Fin generates a feedback response which
acts upon kout, returning K

trans to the baseline value as
t → ∞. Note that Feedback = H2(t) in Equation 4.

convolution operator. The median Ktrans value
across all enhancing voxels was reported for each
lesion where enhancing voxels are those that
exhibit a significant difference (Mann-Whitney
Wilcoxon rank-sum test) between pre- and post-
contrast signals. This data is summarized in
Figure 1, which plots the observed Ktrans time
course for each lesion and patient, with straight
lines connecting the data points.

The Ktrans profile for lesion 2, patient 8 was
discarded since it appeared erroneous by com-
parison to all other lesions in this and the other
patients. Ktrans profiles from both lesions asso-
ciated with Patient 9 were discarded sinceKtrans

appeared to increase during treatment and thus
would not be adequately described by the struc-
tural model depicted in Fig. 2. All remaining
patients and lesions were included in the analy-
sis.
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Figure 3: Simulations (using the statistical programming language R) illustrating the impact of changes in Fin,
kout and ktol on Ktrans response. loss fixed at 0.66.

2.2 Structural model for the time
course of Ktrans after dosing

The model structure developed here is a form

of the indirect response model (IRM) described

in Krzyzanski et al. [20]. The primary compart-

ment or state variable, labeled Ktrans in Fig-

ure 2, describes the response of the Ktrans pa-

rameter to a single dose of bevacizumab. Prior

to administration of bevacizumab the system is

at steady state, where the Ktrans compartment

has a value equal to the baseline Ktrans for the

lesion of interest and the Feedback compart-

ment has a value of zero and thus no impact

on the system. Graphically, as shown in Fig-

ure 2, administration of bevacizumab is repre-

sented by the switch labeled dose. Once the

switch is closed, Fin is assigned a new value equal

to Fin×(1−loss) which represents the initial im-

pact of treatment on Ktrans. Conceptually, Fin

may be associated with the rate of production

of vascular endothelial growth factor (VEGF)

which, along with kout, keeps vascular perme-

ability (Ktrans) at an elevated level before treat-

ment. The switch at the time of dosing might

represent the inactivation of circulating VEGF

by bevacizumab. Posttreatment, the system is

no longer at steady state and the mass of the

Ktrans compartment will decrease, causing the

Feedback compartment to act on kout via the

ktol
Ktrans(t)
Ktrans(0) term, forcing Ktrans to return to its

4

Simula/ons	
  over	
  a	
  range	
  of	
  parameter	
  values	
  2	
  

Distribu/on	
  of	
  model	
  parameters	
  fi:ed	
  to	
  1000	
  simulated	
  data	
  sets	
  

3	
  

4	
  

1	
  

A population model for clinical DCE-MRI response to a single dose of bevacizumab

Gregory Z. Ferl∗ Shiv J. Acharya∗ James P.B. O’Connor† Geoffrey J.M. Parker† Ruediger E. Port∗

OBJECTIVES: Our objective is to develop a mathemati-

cal model that describes the time course of Ktrans response to

a single dose of bevacizumab (bev) based on Dynamic Contrast

Enhanced MRI data from a previously published post-licensing

study [1], whereKtrans is a composite measure of vascular perme-

ability to contrast agent, surface area and rate of tissue perfusion.

It is known that a rapid decrease in Ktrans occurs 4 hours after

dosing, however, the subsequent dynamics of this parameter over

a 12 day period are not entirely clear due to strong inter-patient

variability.

METHODS: Two baseline plus four DCE-MRI scans follow-

ing a single 10 mg/kg dose of bev (4hr, 2d, 8d and 12d) were

obtained from 10 patients, each with between 1-6 colorectal liver

metastases (26 lesions total). Two patients had missing data

points; the first (4 lesions) missed the 8d scan while the other

(3 lesions) missed the 8d and 12d scans. Ktrans values for each

scan were estimated [1] using the extended Tofts version of the

Kety compartmental model [2]. Ktrans changes during the period

of patient monitoring, plus inter-individual (IIV) and inter-lesion

(intra-patient) (ILV) variability were described using a (modified)

indirect response model, with time-varying parameters, that was

augmented with an empirical time-delayed feedback loop (Figure

1). The ki and Fi parameters in Figure 1 represent fractional

(day-1) and absolute (Ktrans/day) rates of change of the Ktrans

parameter over time. The population mean parameters and in-

terindividual variances were estimated using NONMEM. True

individual baseline Ktrans was estimated for each lesion by as-

suming that it varies around the observed average baseline with

variance s2/2 [3]. Simulated Ktrans profiles were produced using

the estimated population mean and variance parameters and em-

pirical Bayes estimates were obtained for each patients individual

parameters.

RESULTS: Our population model, with time delayed feed-

back, is able to describe the rapid decrease of Ktrans followed

by slower return to baseline within 12 days after a single dose of

bev, with rebound over baseline in some patients (Figure 2). ILV

in the trajectory of Ktrans change was not identifiable and was

assumed to be zero, except for inter-lesion variability in baseline

Ktrans. Inter-patient variability was significant. IIV of estimated

∗Genentech Early Development PKPD, 1 DNA Way, Mail Stop
463A, South San Francisco, CA 94080.

†Imaging Sciences Research Group, School of Medicine, University
of Manchester, Manchester, United Kingdom

parameters is identifiable and estimated to be larger for param-

eters in the indirect response component of the model than for

the feedback component (112% CV vs. 55% CV).

CONCLUSION: We have developed a mathematical model

capable of describing the response of Ktrans to a single dose of

bevacizumab, characterized by rapid decrease during the first 4

hours post-dose, followed by a slower return to baseline over 12

days. For this population there is a significant amount of inter-

patient variability (IIV) in Ktrans response to a single dose of

bev; inter-lesion intra-patient variability (ILV) is not detectable

within these data.
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A population model for clinical DCE-MRI response to a single dose of bevacizumab

Gregory Z. Ferl∗ Shiv J. Acharya∗ James P.B. O’Connor† Geoffrey J.M. Parker† Ruediger E. Port∗

OBJECTIVES: Our objective is to develop a mathemati-

cal model that describes the time course of Ktrans response to

a single dose of bevacizumab (bev) based on Dynamic Contrast

Enhanced MRI data from a previously published post-licensing

study [1], whereKtrans is a composite measure of vascular perme-

ability to contrast agent, surface area and rate of tissue perfusion.

It is known that a rapid decrease in Ktrans occurs 4 hours after

dosing, however, the subsequent dynamics of this parameter over

a 12 day period are not entirely clear due to strong inter-patient

variability.

METHODS: Two baseline plus four DCE-MRI scans follow-

ing a single 10 mg/kg dose of bev (4hr, 2d, 8d and 12d) were

obtained from 10 patients, each with between 1-6 colorectal liver

metastases (26 lesions total). Two patients had missing data

points; the first (4 lesions) missed the 8d scan while the other

(3 lesions) missed the 8d and 12d scans. Ktrans values for each

scan were estimated [1] using the extended Tofts version of the

Kety compartmental model [2]. Ktrans changes during the period

of patient monitoring, plus inter-individual (IIV) and inter-lesion

(intra-patient) (ILV) variability were described using a (modified)

indirect response model, with time-varying parameters, that was

augmented with an empirical time-delayed feedback loop (Figure

1). The ki and Fi parameters in Figure 1 represent fractional

(day-1) and absolute (Ktrans/day) rates of change of the Ktrans

parameter over time. The population mean parameters and in-

terindividual variances were estimated using NONMEM. True

individual baseline Ktrans was estimated for each lesion by as-

suming that it varies around the observed average baseline with

variance s2/2 [3]. Simulated Ktrans profiles were produced using

the estimated population mean and variance parameters and em-

pirical Bayes estimates were obtained for each patients individual

parameters.

RESULTS: Our population model, with time delayed feed-

back, is able to describe the rapid decrease of Ktrans followed

by slower return to baseline within 12 days after a single dose of

bev, with rebound over baseline in some patients (Figure 2). ILV

in the trajectory of Ktrans change was not identifiable and was

assumed to be zero, except for inter-lesion variability in baseline

Ktrans. Inter-patient variability was significant. IIV of estimated

∗Genentech Early Development PKPD, 1 DNA Way, Mail Stop
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†Imaging Sciences Research Group, School of Medicine, University
of Manchester, Manchester, United Kingdom

parameters is identifiable and estimated to be larger for param-

eters in the indirect response component of the model than for

the feedback component (112% CV vs. 55% CV).

CONCLUSION: We have developed a mathematical model

capable of describing the response of Ktrans to a single dose of

bevacizumab, characterized by rapid decrease during the first 4

hours post-dose, followed by a slower return to baseline over 12

days. For this population there is a significant amount of inter-

patient variability (IIV) in Ktrans response to a single dose of

bev; inter-lesion intra-patient variability (ILV) is not detectable

within these data.
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kout ktol loss

p 0.9343 0.16 0.5774

%CV (pi) 494 70.4 11.53

Table 1: Estimated population parameters. p is the ge-
ometric mean of parameter p, %CV (p) is the interindi-
vidual coefficient of variation, calculated as: %CV =�

exp(ω2)− 1 · 100% (cf. Eq. 7). kout and ktol have
units of min−1, loss is dimensionless. The estimated
standard deviation of the residual error is: σ = 0.03074
min−1.

only, while kout impacts both the initial rate of

Ktrans decrease and rate of rebound. ktol pri-
marily impacts the rate of Ktrans rebound to

baseline. The lower-right panel of Figure 3 sum-

marizes this analysis, where baseline, initial de-

crease and rebound of Ktrans are largely driven

by Fin, kout and ktol, respectively.

3.2 Population Parameters

The population parameters, estimated by fit-

ting the mixed-effects model simultaneously to

Ktrans values from all patients, lesions and time-

points, are shown in Table 1 where geometric

means of the log-normal distributions are listed

since we implemented an exponential model of

interindividal variability (Eq. 7).

The Ktrans time course predicted by the es-

timated population means of kout, ktoland loss
is indicated by the gray curve in Fig. 4, where

predicted changes are proportional to baseline

Ktrans. A steep decline on day 1 reaches 66% of

baseline and flattens out so that a shallow mini-

mum of about 51% of baseline is reached on day

3 . Ktrans then gradually returns toward base-

line and reaches 95% of the pretreatment level by

day 12. BaselineKtrans varies substantially from

patient to patient and lesion to lesion, ranging

between 0.1 and 0.5 min−1. The predicted ab-
solute changes in Ktrans are indicated by the

gray curves in Fig. 5 and represent individual

fixed-effects predictions derived from the mean

population parameters and each lesion’s average

pretreatment Ktrans measurements. (The red

curves in Fig. 5 represent Bayesian predictions

as explained in section 3.3.)

Fig. 5 also shows substantial deviations of

the observations (black dots) from the individ-

ual fixed-effects predictions (gray curves). These
are the basis for the estimation of interindivid-

ual and residual variance parameters, as listed

in Table 1. Estimated interindividual variabil-

ity is large for kout which mostly describes the

steepness of the initial drop in Ktrans (Fig. 3).

It is also substantial for ktol which mostly de-

scribes the timing and the steepness of the re-

turn to baseline (Fig. 3). Variability between

lesions appeared to be less than variability be-

tween patients and was not identifiable from the

available data. The estimated overall residual

error, σ, is 0.03074 min
−1
.

Estimation errors for mean population param-

eters and associated interindividual variances

(ω2’s), as calculated by NONMEM, ranged be-

tween 14% (loss) and 90% (kout), except for ω2
loss

with an estimation error of 435%.

The population model goodness of fit can be

visualized by simulatingKtrans profiles and com-

paring them to the original data set. The result

of 1000 simulations is shown in Figure 6, where

each patient is simulated using parameter val-

ues randomly drawn from the statistical distri-

butions described by the estimated population

mean and variance parameters listed in Table 1.

The white line represents the median predicted

response of the 1000 simulated patients while

the shaded regions indicate 45%-55%, 25%-75%

and 10%-90% quantiles; the corresponding me-

dian and quantiles for the observedKtrans values

are indicated by the solid black line (median),

dashed (20%-75%) and dotted (10%-90%) lines.

The simulated Ktrans response matched the ob-

served Ktrans values well, with the exception of

an underestimation of the simulated 10% quan-

tile compared to the observed 10% quantile.

3.3 Bayesian estimates of individ-
ual parameters

The fitted mixed-effects model represented by

the parameter estimates in Table 1 and gray
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idea of how close the response of each patient’s
lesions might deviate from the typical popula-
tion response. Most lesions appeared to respond
in a manner that is generally consistent with
the population response. Some notable excep-
tions are Patient 3, where Ktrans appears to re-
bound at a rate slower than predicted by the
mean population parameters while Patient 2 ap-
pears to exhibit both a faster rate of decrease
and rebound than predicted. Both the observed
Ktrans values and the Bayesian predictions for
Patient 10 do not appear to change significantly
during the course of treatment, suggesting that
this patient did not respond to treatment as as-
sessed by changes in Ktrans. Fig. 5 also illus-
trates that Bayesian predictions of lesion-specific
baseline are close but not necessarily identical
to the observed average pretreatment Ktrans be-
cause the pretreatment observations are compro-
mised by error like all other observations and
this error affects the pretreatment average as in-
dicated by the horizontal gray line before treat-
ment (cf. Eq. 11).

Figure 4 shows all fixed-effects predictions
(gray) and all Bayesian predictions (colored)
scaled to a baseline Ktrans value of 1. All Ktrans

curves for a single patient with multiple lesions
collapse into a single curve since Ktrans

ij (0) is the
only parameter that varies between lesions in
a single patient. Initial decrease in Ktrans fol-
lowing the single dose of bevacizumab appears
to exhibit either a fast rate of decrease that is
close in magnitude to the predicted population
response (Patients 1, 3, 5, 7) or a rate of decrease
that is faster than what would be expected of
the population (Patients 2, 4, 6, 8), where Pa-
tient 4 has a truncated Ktrans profile. There is
large variability in Ktrans rebound rates across
patients, where Ktrans may rebound over base-
line at the end of the observation period (patient
1) or exhibit a persistent substantial reduction
(patients 3, 8).
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Figure 6: Monte-Carlo simulations of fitted
mixed effects model. The median (solid red line)
plus 10%−90%, 25%−75% and 45%−55% quantiles of
simulations are shown (shaded regions) along with ob-
served Ktrans values for each DCE-MRI scan (circles)
[10%−90%, 25%−75% quantiles and medians of the ob-
served values are indicated by dotted, dashed and solid
black lines].

3.4 Enhancing Fraction and En-
hancing Tumor Volume

Multiplication of Ktrans by EF yields post-
treatment time profiles that are more consistent
across patients and lesions, with patient 9 ex-
hibiting Ktrans × EF curves typical of other le-
sions and patient 8, lesion 2 more closely resem-
bling the response of other lesions in that pa-
tient. In comparison, Ktrans × ETV exhibited a
wider range of patient responses ranging from a
rapid drop followed by an apparent rebound (pa-
tient 1) to continually decreasing Ktrans × ETV
values (patients 7 and 8).

Table 2 lists the estimated populations param-
eters for the model fitted to each metric (Ktrans,
Ktrans×EF (KEF) and Ktrans×ETV (KETV)).
The predicted population response as mea-
sured by changes in KEF, compared to the ob-
served Ktrans response, is a sharper initial post-
treatment drop (kKEF

out = 5.2 vs. kKtrans

out = 0.93)
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idea of how close the response of each patient’s
lesions might deviate from the typical popula-
tion response. Most lesions appeared to respond
in a manner that is generally consistent with
the population response. Some notable excep-
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bound at a rate slower than predicted by the
mean population parameters while Patient 2 ap-
pears to exhibit both a faster rate of decrease
and rebound than predicted. Both the observed
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mised by error like all other observations and
this error affects the pretreatment average as in-
dicated by the horizontal gray line before treat-
ment (cf. Eq. 11).
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(gray) and all Bayesian predictions (colored)
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collapse into a single curve since Ktrans
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close in magnitude to the predicted population
response (Patients 1, 3, 5, 7) or a rate of decrease
that is faster than what would be expected of
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Figure 6: Monte-Carlo simulations of fitted
mixed effects model. The median (solid red line)
plus 10%−90%, 25%−75% and 45%−55% quantiles of
simulations are shown (shaded regions) along with ob-
served Ktrans values for each DCE-MRI scan (circles)
[10%−90%, 25%−75% quantiles and medians of the ob-
served values are indicated by dotted, dashed and solid
black lines].

3.4 Enhancing Fraction and En-
hancing Tumor Volume

Multiplication of Ktrans by EF yields post-
treatment time profiles that are more consistent
across patients and lesions, with patient 9 ex-
hibiting Ktrans × EF curves typical of other le-
sions and patient 8, lesion 2 more closely resem-
bling the response of other lesions in that pa-
tient. In comparison, Ktrans × ETV exhibited a
wider range of patient responses ranging from a
rapid drop followed by an apparent rebound (pa-
tient 1) to continually decreasing Ktrans × ETV
values (patients 7 and 8).

Table 2 lists the estimated populations param-
eters for the model fitted to each metric (Ktrans,
Ktrans×EF (KEF) and Ktrans×ETV (KETV)).
The predicted population response as mea-
sured by changes in KEF, compared to the ob-
served Ktrans response, is a sharper initial post-
treatment drop (kKEF

out = 5.2 vs. kKtrans

out = 0.93)
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2.1 Estimation of Ktrans 2 METHODS

space within tissue (ve) and fractional CA flux
rates between blood plasma and tissue (Ktrans)
can be estimated based on DCE-MRI scans of
tissues of interest and used as an indicator of
treatment effect.
Here we fit a nonlinear mixed effects model to

estimated Ktrans values from a previously pub-
lished post-licensing study where 10 patients di-
agnosed with liver metastasis from a primary
colorectal cancer were treated with a single dose
of bevacizumab [10]. The mixed-effects mod-
eling approach [11, 12, 13] is implemented via
NONMEM [14], in order to estimate an average
summary response of the observed population
to treatment plus the variability of model pa-
rameters within the population.
All data analysis and modeling was performed

in a literate programming environment [15] by
implementing the Sweave function in the R pro-
gramming language [16, 17], which facilitates
generation of a single script that contains the
NONMEM control file, all R code required for sim-
ulations and generation of plots, tables and
LATEX [18] markup used to produce the final doc-
ument.

2 Methods

2.1 Estimation of Ktrans

O’Connor et al. [10] estimated the Ktrans model
parameter on a per-voxel basis using the ex-
tended Tofts version of the Kety model [7, 9]
along with image derived AIFs, when available;
otherwise a population AIF was used [6]. Us-
ing a standardized notation [19], the extended
Tofts/Kety model is written as

Ct(t) = Ca(t)⊗Ktranse−kept + vpCa(t), (1)

where Ktrans and kep are the fractional mass
transfer rates of CA in and out of extravascular
extracellular tissue space (EES) with dimension
1/time, vp is the dimensionless blood plasma
volume per unit volume of tissue, Ca is the CA
concentration in arterial blood and Ct is the im-
age derived CA concentration in tissue. ⊗ is the

!"#$%&'

())*+$,-'

!"#$%
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#"

2.3 ISMRM 2012 Abstract 2 SECTION

Figure 5. Area under the curve of voxel-wise Impulse Response Functions plotted against ve values
estimated by voxel-wise fitting of the Tofts model2. Upper panels plot values based on scans taken one
day before treatment; lower panels plot values based on scan taken one day after a single 10 mg/kg dose
of bevacizumab. Strong correlation is seen between the two metrics.
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day before treatment; lower panels plot values based on scan taken one day after a single 10 mg/kg dose
of bevacizumab. Strong correlation is seen between the two metrics.
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Figure 2: Qualitative depiction of the model for re-
sponse of Ktrans to a single dose of bevacizumab. Prior
to treatment, Ktrans is at steady state and the Feed-
back compartment had a mass of zero. Upon admin-
istration of a single dose of bevacizumab Fin is set to a
new value equal to Fin×(1−loss). Bevacizumab induced
adjustment of Fin generates a feedback response which
acts upon kout, returning K

trans to the baseline value as
t → ∞. Note that Feedback = H2(t) in Equation 4.

convolution operator. The median Ktrans value
across all enhancing voxels was reported for each
lesion where enhancing voxels are those that
exhibit a significant difference (Mann-Whitney
Wilcoxon rank-sum test) between pre- and post-
contrast signals. This data is summarized in
Figure 1, which plots the observed Ktrans time
course for each lesion and patient, with straight
lines connecting the data points.

The Ktrans profile for lesion 2, patient 8 was
discarded since it appeared erroneous by com-
parison to all other lesions in this and the other
patients. Ktrans profiles from both lesions asso-
ciated with Patient 9 were discarded sinceKtrans

appeared to increase during treatment and thus
would not be adequately described by the struc-
tural model depicted in Fig. 2. All remaining
patients and lesions were included in the analy-
sis.

3

2.1 Estimation of Ktrans 2 METHODS

space within tissue (ve) and fractional CA flux
rates between blood plasma and tissue (Ktrans)
can be estimated based on DCE-MRI scans of
tissues of interest and used as an indicator of
treatment effect.
Here we fit a nonlinear mixed effects model to

estimated Ktrans values from a previously pub-
lished post-licensing study where 10 patients di-
agnosed with liver metastasis from a primary
colorectal cancer were treated with a single dose
of bevacizumab [10]. The mixed-effects mod-
eling approach [11, 12, 13] is implemented via
NONMEM [14], in order to estimate an average
summary response of the observed population
to treatment plus the variability of model pa-
rameters within the population.
All data analysis and modeling was performed

in a literate programming environment [15] by
implementing the Sweave function in the R pro-
gramming language [16, 17], which facilitates
generation of a single script that contains the
NONMEM control file, all R code required for sim-
ulations and generation of plots, tables and
LATEX [18] markup used to produce the final doc-
ument.

2 Methods

2.1 Estimation of Ktrans

O’Connor et al. [10] estimated the Ktrans model
parameter on a per-voxel basis using the ex-
tended Tofts version of the Kety model [7, 9]
along with image derived AIFs, when available;
otherwise a population AIF was used [6]. Us-
ing a standardized notation [19], the extended
Tofts/Kety model is written as

Ct(t) = Ca(t)⊗Ktranse−kept + vpCa(t), (1)

where Ktrans and kep are the fractional mass
transfer rates of CA in and out of extravascular
extracellular tissue space (EES) with dimension
1/time, vp is the dimensionless blood plasma
volume per unit volume of tissue, Ca is the CA
concentration in arterial blood and Ct is the im-
age derived CA concentration in tissue. ⊗ is the
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Figure 5. Area under the curve of voxel-wise Impulse Response Functions plotted against ve values
estimated by voxel-wise fitting of the Tofts model2. Upper panels plot values based on scans taken one
day before treatment; lower panels plot values based on scan taken one day after a single 10 mg/kg dose
of bevacizumab. Strong correlation is seen between the two metrics.
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Figure 2: Qualitative depiction of the model for re-
sponse of Ktrans to a single dose of bevacizumab. Prior
to treatment, Ktrans is at steady state and the Feed-
back compartment had a mass of zero. Upon admin-
istration of a single dose of bevacizumab Fin is set to a
new value equal to Fin×(1−loss). Bevacizumab induced
adjustment of Fin generates a feedback response which
acts upon kout, returning K

trans to the baseline value as
t → ∞. Note that Feedback = H2(t) in Equation 4.

convolution operator. The median Ktrans value
across all enhancing voxels was reported for each
lesion where enhancing voxels are those that
exhibit a significant difference (Mann-Whitney
Wilcoxon rank-sum test) between pre- and post-
contrast signals. This data is summarized in
Figure 1, which plots the observed Ktrans time
course for each lesion and patient, with straight
lines connecting the data points.

The Ktrans profile for lesion 2, patient 8 was
discarded since it appeared erroneous by com-
parison to all other lesions in this and the other
patients. Ktrans profiles from both lesions asso-
ciated with Patient 9 were discarded sinceKtrans

appeared to increase during treatment and thus
would not be adequately described by the struc-
tural model depicted in Fig. 2. All remaining
patients and lesions were included in the analy-
sis.

3

2.2 Structural model for the time course of Ktrans after dosing 2 METHODS
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Figure 3: Simulations (using the statistical programming language R) illustrating the impact of changes in Fin,
kout and ktol on Ktrans response. loss fixed at 0.66.

2.2 Structural model for the time
course of Ktrans after dosing

The model structure developed here is a form

of the indirect response model (IRM) described

in Krzyzanski et al. [20]. The primary compart-

ment or state variable, labeled Ktrans in Fig-

ure 2, describes the response of the Ktrans pa-

rameter to a single dose of bevacizumab. Prior

to administration of bevacizumab the system is

at steady state, where the Ktrans compartment

has a value equal to the baseline Ktrans for the

lesion of interest and the Feedback compart-

ment has a value of zero and thus no impact

on the system. Graphically, as shown in Fig-

ure 2, administration of bevacizumab is repre-

sented by the switch labeled dose. Once the

switch is closed, Fin is assigned a new value equal

to Fin×(1−loss) which represents the initial im-

pact of treatment on Ktrans. Conceptually, Fin

may be associated with the rate of production

of vascular endothelial growth factor (VEGF)

which, along with kout, keeps vascular perme-

ability (Ktrans) at an elevated level before treat-

ment. The switch at the time of dosing might

represent the inactivation of circulating VEGF

by bevacizumab. Posttreatment, the system is

no longer at steady state and the mass of the

Ktrans compartment will decrease, causing the

Feedback compartment to act on kout via the

ktol
Ktrans(t)
Ktrans(0) term, forcing Ktrans to return to its
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Figure 5: All post hoc fits plotted as Ktrans vs. Day. Units for Ktrans are min−1. Predicted response of the
population is shown in gray for each plot. The four patients in the lower right corner each have a single lesion
while all others have multiple lesions. Patient 8, Lesion 2 and all (two) lesions from Patient 9 were excluded. The
dashed horizontal line indicates the estimated mixed-effects Ktrans

ij (0) value for each lesion.

curves in Figures 4 and 5 describe the time

course of Ktrans
in a group of patients. It could

serve as the basis for comparing treatment ef-

fects between different populations, for example,

by adding a “shift parameter” to the model that

would account for a difference in kout between

study arms. If Ktrans
is monitored in order to

assess the response to therapy of individual pa-
tients, e.g., in order to decide about continua-

tion of treatment, then Bayesian parameter es-

timates for these individuals become of interest.

Individual parameter estimates were obtained

for each patient enrolled in this study using

NONMEM’s POSTHOC function (Fig. 9). The esti-

mated deviations of individual parameters from

the population mean depends on the interindi-

vidual variances and therefore are largest for ktol
and smallest for loss (Fig. 9). However, they

also depend on the number and the scatter of the

individual observations and actually represent a

balance between the information contained in

the population parameters and the (more or less

trustworthy) information contained in the indi-

vidual data points. The individual parameters

shown in Fig. 9, along with similar estimates of

true individual baseline values according to the

model of Eq. 11, give rise to the colored predic-

tion curves shown in Figures 4 and 5.

The qualitative difference between the gray

and red prediction curves in Fig. 5 gives an
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Figure 5: All post hoc fits plotted as Ktrans vs. Day. Units for Ktrans are min−1. Predicted response of the
population is shown in gray for each plot. The four patients in the lower right corner each have a single lesion
while all others have multiple lesions. Patient 8, Lesion 2 and all (two) lesions from Patient 9 were excluded. The
dashed horizontal line indicates the estimated mixed-effects Ktrans

ij (0) value for each lesion.

curves in Figures 4 and 5 describe the time

course of Ktrans
in a group of patients. It could

serve as the basis for comparing treatment ef-

fects between different populations, for example,

by adding a “shift parameter” to the model that

would account for a difference in kout between

study arms. If Ktrans
is monitored in order to

assess the response to therapy of individual pa-
tients, e.g., in order to decide about continua-

tion of treatment, then Bayesian parameter es-

timates for these individuals become of interest.

Individual parameter estimates were obtained

for each patient enrolled in this study using

NONMEM’s POSTHOC function (Fig. 9). The esti-

mated deviations of individual parameters from

the population mean depends on the interindi-

vidual variances and therefore are largest for ktol
and smallest for loss (Fig. 9). However, they

also depend on the number and the scatter of the

individual observations and actually represent a

balance between the information contained in

the population parameters and the (more or less

trustworthy) information contained in the indi-

vidual data points. The individual parameters

shown in Fig. 9, along with similar estimates of

true individual baseline values according to the

model of Eq. 11, give rise to the colored predic-

tion curves shown in Figures 4 and 5.

The qualitative difference between the gray

and red prediction curves in Fig. 5 gives an
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course.
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parameter estimates
(shown in the table).

Anti-Aβ crenezumab: M&S Update

3

The model is first fitted
to all patient data; mean
population parameters are
estimated along with
variability of each
parameter within the
population. A subsequent
post-hoc step provides
parameter estimates on a
per-patient basis.

4

Monte Carlo simulations
are generated and
compared to the actual
measured data as a check
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PKPD modeling of imaging data

Dynamic Contrast Enhanced MRI
contrast agent kinetics

A contrast agent (black circles) is injected into the patient just prior to start of

data aquisition; changes in blood and tissue concentration are measured by the

MRI scanner [Figure (modified) from: O’Connor et al. Br J Cancer. 2007 Jan 29;96(2):189-95]
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A population model for clinical DCE-MRI response to a single dose of bevacizumab

Gregory Z. Ferl∗ Shiv J. Acharya∗ James P.B. O’Connor† Geoffrey J.M. Parker† Ruediger E. Port∗

OBJECTIVES: Our objective is to develop a mathemati-

cal model that describes the time course of Ktrans response to

a single dose of bevacizumab (bev) based on Dynamic Contrast

Enhanced MRI data from a previously published post-licensing

study [1], whereKtrans is a composite measure of vascular perme-

ability to contrast agent, surface area and rate of tissue perfusion.

It is known that a rapid decrease in Ktrans occurs 4 hours after

dosing, however, the subsequent dynamics of this parameter over

a 12 day period are not entirely clear due to strong inter-patient

variability.

METHODS: Two baseline plus four DCE-MRI scans follow-

ing a single 10 mg/kg dose of bev (4hr, 2d, 8d and 12d) were

obtained from 10 patients, each with between 1-6 colorectal liver

metastases (26 lesions total). Two patients had missing data

points; the first (4 lesions) missed the 8d scan while the other

(3 lesions) missed the 8d and 12d scans. Ktrans values for each

scan were estimated [1] using the extended Tofts version of the

Kety compartmental model [2]. Ktrans changes during the period

of patient monitoring, plus inter-individual (IIV) and inter-lesion

(intra-patient) (ILV) variability were described using a (modified)

indirect response model, with time-varying parameters, that was

augmented with an empirical time-delayed feedback loop (Figure

1). The ki and Fi parameters in Figure 1 represent fractional

(day−1) and absolute (Ktrans/day) rates of change of the Ktrans

parameter over time. The population mean parameters and in-

terindividual variances were estimated using NONMEM. True

individual baseline Ktrans was estimated for each lesion by as-

suming that it varies around the observed average baseline with

variance σ2/2 [3]. Simulated Ktrans profiles were produced using

the estimated population mean and variance parameters and em-

pirical Bayes estimates were obtained for each patients individual

parameters.

RESULTS: Our population model, with time delayed feed-

back, is able to describe the rapid decrease of Ktrans followed

by slower return to baseline within 12 days after a single dose of

bev, with rebound over baseline in some patients (Figure 2). ILV

in the trajectory of Ktrans change was not identifiable and was

assumed to be zero, except for inter-lesion variability in baseline

Ktrans. Inter-patient variability was significant. IIV of estimated

∗Genentech Early Development PKPD, 1 DNA Way, Mail Stop
463A, South San Francisco, CA 94080.

†Imaging Sciences Research Group, School of Medicine, University
of Manchester, Manchester, United Kingdom

parameters is identifiable and estimated to be larger for param-

eters in the indirect response component of the model than for

the feedback component (494% CV vs. 70% CV).

CONCLUSION: We have developed a mathematical model

capable of describing the response of Ktrans to a single dose of

bevacizumab, characterized by rapid decrease during the first 4

hours post-dose, followed by a slower return to baseline over 12

days. For this population there is a significant amount of inter-

patient variability (IIV) in Ktrans response to a single dose of

bev; inter-lesion intra-patient variability (ILV) is not detectable

within these data.

REFERENCES

[1] O’Connor et al. Quantifying Antivascular Effects of Mon-

oclonal Antibodies to Vascular Endothelial Growth Factor: In-

sights from Imaging. Clin Cancer Res. 2009; 15:6674-6682.

[2] Tofts PS, Kermode AG. Measurement of the Blood-Brain

Barrier Permeability and Leakage Space Using Dynamic MR

Imaging. 1. Fundamental Concepts. Magn Reson Med. 1991;

17:357-67.

[3] Port RE, Ding RW, Fies T, Schaerer K. Predicting the time

course of haemoglobin in children treated with erythropoietin for

renal anaemia. Br J Clin Pharmacol. 1998; 46:461-466.

1
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OBJECTIVES: Our objective is to develop a mathemati-

cal model that describes the time course of Ktrans response to

a single dose of bevacizumab (bev) based on Dynamic Contrast

Enhanced MRI data from a previously published post-licensing

study [1], whereKtrans is a composite measure of vascular perme-

ability to contrast agent, surface area and rate of tissue perfusion.

It is known that a rapid decrease in Ktrans occurs 4 hours after

dosing, however, the subsequent dynamics of this parameter over

a 12 day period are not entirely clear due to strong inter-patient

variability.

METHODS: Two baseline plus four DCE-MRI scans follow-

ing a single 10 mg/kg dose of bev (4hr, 2d, 8d and 12d) were

obtained from 10 patients, each with between 1-6 colorectal liver

metastases (26 lesions total). Two patients had missing data

points; the first (4 lesions) missed the 8d scan while the other

(3 lesions) missed the 8d and 12d scans. Ktrans values for each

scan were estimated [1] using the extended Tofts version of the

Kety compartmental model [2]. Ktrans changes during the period

of patient monitoring, plus inter-individual (IIV) and inter-lesion

(intra-patient) (ILV) variability were described using a (modified)

indirect response model, with time-varying parameters, that was

augmented with an empirical time-delayed feedback loop (Figure

1). The ki and Fi parameters in Figure 1 represent fractional

(day−1) and absolute (Ktrans/day) rates of change of the Ktrans

parameter over time. The population mean parameters and in-

terindividual variances were estimated using NONMEM. True

individual baseline Ktrans was estimated for each lesion by as-

suming that it varies around the observed average baseline with

variance σ2/2 [3]. Simulated Ktrans profiles were produced using

the estimated population mean and variance parameters and em-

pirical Bayes estimates were obtained for each patients individual

parameters.

RESULTS: Our population model, with time delayed feed-

back, is able to describe the rapid decrease of Ktrans followed

by slower return to baseline within 12 days after a single dose of

bev, with rebound over baseline in some patients (Figure 2). ILV

in the trajectory of Ktrans change was not identifiable and was

assumed to be zero, except for inter-lesion variability in baseline

Ktrans. Inter-patient variability was significant. IIV of estimated

∗Genentech Early Development PKPD, 1 DNA Way, Mail Stop
463A, South San Francisco, CA 94080.

†Imaging Sciences Research Group, School of Medicine, University
of Manchester, Manchester, United Kingdom

parameters is identifiable and estimated to be larger for param-

eters in the indirect response component of the model than for

the feedback component (494% CV vs. 70% CV).

CONCLUSION: We have developed a mathematical model

capable of describing the response of Ktrans to a single dose of

bevacizumab, characterized by rapid decrease during the first 4

hours post-dose, followed by a slower return to baseline over 12

days. For this population there is a significant amount of inter-

patient variability (IIV) in Ktrans response to a single dose of

bev; inter-lesion intra-patient variability (ILV) is not detectable

within these data.
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3.3 Bayesian estimates of individual parameters 3 RESULTS

kout ktol loss

p 0.9343 0.16 0.5774

%CV (pi) 494 70.4 11.53

Table 1: Estimated population parameters. p is the ge-
ometric mean of parameter p, %CV (p) is the interindi-
vidual coefficient of variation, calculated as: %CV =�

exp(ω2)− 1 · 100% (cf. Eq. 7). kout and ktol have
units of min−1, loss is dimensionless. The estimated
standard deviation of the residual error is: σ = 0.03074
min−1.

only, while kout impacts both the initial rate of

Ktrans decrease and rate of rebound. ktol pri-
marily impacts the rate of Ktrans rebound to

baseline. The lower-right panel of Figure 3 sum-

marizes this analysis, where baseline, initial de-

crease and rebound of Ktrans are largely driven

by Fin, kout and ktol, respectively.

3.2 Population Parameters

The population parameters, estimated by fit-

ting the mixed-effects model simultaneously to

Ktrans values from all patients, lesions and time-

points, are shown in Table 1 where geometric

means of the log-normal distributions are listed

since we implemented an exponential model of

interindividal variability (Eq. 7).

The Ktrans time course predicted by the es-

timated population means of kout, ktoland loss
is indicated by the gray curve in Fig. 4, where

predicted changes are proportional to baseline

Ktrans. A steep decline on day 1 reaches 66% of

baseline and flattens out so that a shallow mini-

mum of about 51% of baseline is reached on day

3 . Ktrans then gradually returns toward base-

line and reaches 95% of the pretreatment level by

day 12. BaselineKtrans varies substantially from

patient to patient and lesion to lesion, ranging

between 0.1 and 0.5 min−1. The predicted ab-
solute changes in Ktrans are indicated by the

gray curves in Fig. 5 and represent individual

fixed-effects predictions derived from the mean

population parameters and each lesion’s average

pretreatment Ktrans measurements. (The red

curves in Fig. 5 represent Bayesian predictions

as explained in section 3.3.)

Fig. 5 also shows substantial deviations of

the observations (black dots) from the individ-

ual fixed-effects predictions (gray curves). These

are the basis for the estimation of interindivid-

ual and residual variance parameters, as listed

in Table 1. Estimated interindividual variabil-

ity is large for kout which mostly describes the

steepness of the initial drop in Ktrans (Fig. 3).

It is also substantial for ktol which mostly de-

scribes the timing and the steepness of the re-

turn to baseline (Fig. 3). Variability between

lesions appeared to be less than variability be-

tween patients and was not identifiable from the

available data. The estimated overall residual

error, σ, is 0.03074 min
−1
.

Estimation errors for mean population param-

eters and associated interindividual variances

(ω2’s), as calculated by NONMEM, ranged be-

tween 14% (loss) and 90% (kout), except for ω2
loss

with an estimation error of 435%.

The population model goodness of fit can be

visualized by simulatingKtrans profiles and com-

paring them to the original data set. The result

of 1000 simulations is shown in Figure 6, where

each patient is simulated using parameter val-

ues randomly drawn from the statistical distri-

butions described by the estimated population

mean and variance parameters listed in Table 1.

The white line represents the median predicted

response of the 1000 simulated patients while

the shaded regions indicate 45%-55%, 25%-75%

and 10%-90% quantiles; the corresponding me-

dian and quantiles for the observedKtrans values

are indicated by the solid black line (median),

dashed (20%-75%) and dotted (10%-90%) lines.

The simulated Ktrans response matched the ob-

served Ktrans values well, with the exception of

an underestimation of the simulated 10% quan-

tile compared to the observed 10% quantile.

3.3 Bayesian estimates of individ-
ual parameters

The fitted mixed-effects model represented by

the parameter estimates in Table 1 and gray
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OBJECTIVES: Our objective is to model the time course of

an imaging biomarker in malignant tumors following a single dose

of bevacizumab. The biomarker, Ktrans, is monitored by Dy-

namic Contrast-Enhanced Magnetic Resonance Imaging (DCE-

MRI) and reflects vascular permeability, surface area and rate of

perfusion within each lesion. Patients underwent DCE-MRI at

two timepoints before treatment and four time points after treat-

ment; we subsequently used a mixed-effects model to describe

true individual baseline values [1,2] and response to treatment

[3]. Assessment of intra-patient variability via multiple baseline

scans is important when comparing pre-treatment levels to a sin-

gle post-treatment scan. Here, we assess the impact of multiple

baseline scans when not one, but four, post-treatment scans are

obtained, by fitting the model to simulated data with either one

or two pretreatment timepoints.

METHODS: DCE-MRI data was collected from 10 patients

with liver metastasis from primary colorectal cancer, where each

patient received two pretreatment scans and four additional scans

subsequent to a single dose of the anti-VEGF antibody beva-

cizumab [4]. Ktrans, a PD parameter that reflects vascular per-

meability, surface area and rate of perfusion within each lesion

was estimated for each imaging time point.

We developed a modified indirect response, mixed-effects

model to describe the population change in Ktrans after treat-

ment.

1000 data sets were simulated in NONMEM using population

parameters estimated by fitting our modified indirect response

model to the full data set. The mixed effects model was then

fitted to two variations of the 1000 simulated data sets, where:

1) each patient received 2 baseline scans (each simulated data set

is unmodified) and 2) each patient received only a single baseline

scan (the first baseline scan from each simulated data set was

removed).

RESULTS: The model that was fitted to the original data

and was used to generate the simulated data is characterized by

three structural parameters [kout (time−1 ), ktol (time−1 ) and

loss (dimensionless)], three interindividual variance parameters,
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and one overall residual variance parameter. The parameter es-

timates obtained from the simulated data varied widely, likely

due to data sparsity in the presence of large residual variability.

The quality of the parameter estimates obtained from the simu-

lated data was slightly improved in the two-baseline scenario as

shown by the following root mean square errors (RMSE): where

Root Mean Square Errors
kout ktol loss

mean 111 (131) 478 (481) 66 (66)
%CV 183 (252) 115 (142) 131 (139)

RMSE’s are expressed as percentages of the true parameter val-

ues underlying the simulation and numbers in parentheses are

for the one-baseline scenario. %CV refers to variability of each

parameter between individuals.

CONCLUSION: The results observed here suggest that dou-

ble baseline scans, which are costly and a burden to patients, may

not be required for everyone enrolled in the study if multiple (≥4)

post treatment scans are obtained.
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and one overall residual variance parameter. The parameter es-

timates obtained from the simulated data varied widely, likely

due to data sparsity in the presence of large residual variability.

The quality of the parameter estimates obtained from the simu-

lated data was slightly improved in the two-baseline scenario as

shown by the following root mean square errors (RMSE): where

Root Mean Square Errors
kout ktol loss

mean 111 (131) 478 (481) 66 (66)
%CV 183 (252) 115 (142) 131 (139)

RMSE’s are expressed as percentages of the true parameter val-

ues underlying the simulation and numbers in parentheses are

for the one-baseline scenario. %CV refers to variability of each

parameter between individuals.

CONCLUSION: The results observed here suggest that dou-

ble baseline scans, which are costly and a burden to patients, may

not be required for everyone enrolled in the study if multiple (≥4)
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timates obtained from the simulated data varied widely, likely
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The quality of the parameter estimates obtained from the simu-
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shown by the following root mean square errors (RMSE): where
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RMSE’s are expressed as percentages of the true parameter val-

ues underlying the simulation and numbers in parentheses are

for the one-baseline scenario. %CV refers to variability of each
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and one overall residual variance parameter. The parameter es-

timates obtained from the simulated data varied widely, likely

due to data sparsity in the presence of large residual variability.

The quality of the parameter estimates obtained from the simu-

lated data was slightly improved in the two-baseline scenario as

shown by the following root mean square errors (RMSE): where

Root Mean Square Errors
kout ktol loss

mean 111 (131) 478 (481) 66 (66)
%CV 183 (252) 115 (142) 131 (139)

RMSE’s are expressed as percentages of the true parameter val-

ues underlying the simulation and numbers in parentheses are

for the one-baseline scenario. %CV refers to variability of each

parameter between individuals.

CONCLUSION: The results observed here suggest that dou-

ble baseline scans, which are costly and a burden to patients, may

not be required for everyone enrolled in the study if multiple (≥4)
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1) each patient received 2 baseline scans (each simulated data set

is unmodified) and 2) each patient received only a single baseline

scan (the first baseline scan from each simulated data set was

removed).

RESULTS: The model that was fitted to the original data

and was used to generate the simulated data is characterized by

three structural parameters [kout (time−1 ), ktol (time−1 ) and

loss (dimensionless)], three interindividual variance parameters,
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and one overall residual variance parameter. The parameter es-

timates obtained from the simulated data varied widely, likely

due to data sparsity in the presence of large residual variability.

The quality of the parameter estimates obtained from the simu-

lated data was slightly improved in the two-baseline scenario as

shown by the following root mean square errors (RMSE): where

Root Mean Square Errors
kout ktol loss

mean 111 (131) 478 (481) 66 (66)
%CV 183 (252) 115 (142) 131 (139)

RMSE’s are expressed as percentages of the true parameter val-

ues underlying the simulation and numbers in parentheses are

for the one-baseline scenario. %CV refers to variability of each

parameter between individuals.

CONCLUSION: The results observed here suggest that dou-

ble baseline scans, which are costly and a burden to patients, may

not be required for everyone enrolled in the study if multiple (≥4)

post treatment scans are obtained.
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OBJECTIVES: Our objective is to model the time course of

an imaging biomarker in malignant tumors following a single dose

of bevacizumab. The biomarker, Ktrans, is monitored by Dy-

namic Contrast-Enhanced Magnetic Resonance Imaging (DCE-

MRI) and reflects vascular permeability, surface area and rate of

perfusion within each lesion. Patients underwent DCE-MRI at

two timepoints before treatment and four time points after treat-

ment; we subsequently used a mixed-effects model to describe

true individual baseline values [1,2] and response to treatment

[3]. Assessment of intra-patient variability via multiple baseline

scans is important when comparing pre-treatment levels to a sin-

gle post-treatment scan. Here, we assess the impact of multiple

baseline scans when not one, but four, post-treatment scans are

obtained, by fitting the model to simulated data with either one

or two pretreatment timepoints.

METHODS: DCE-MRI data was collected from 10 patients

with liver metastasis from primary colorectal cancer, where each

patient received two pretreatment scans and four additional scans

subsequent to a single dose of the anti-VEGF antibody beva-

cizumab [4]. Ktrans, a PD parameter that reflects vascular per-

meability, surface area and rate of perfusion within each lesion

was estimated for each imaging time point.

We developed a modified indirect response, mixed-effects

model to describe the population change in Ktrans after treat-

ment.

1000 data sets were simulated in NONMEM using population

parameters estimated by fitting our modified indirect response

model to the full data set. The mixed effects model was then

fitted to two variations of the 1000 simulated data sets, where:

1) each patient received 2 baseline scans (each simulated data set

is unmodified) and 2) each patient received only a single baseline

scan (the first baseline scan from each simulated data set was

removed).

RESULTS: The model that was fitted to the original data

and was used to generate the simulated data is characterized by

three structural parameters [kout (time−1 ), ktol (time−1 ) and

loss (dimensionless)], three interindividual variance parameters,
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and one overall residual variance parameter. The parameter es-

timates obtained from the simulated data varied widely, likely

due to data sparsity in the presence of large residual variability.

The quality of the parameter estimates obtained from the simu-

lated data was slightly improved in the two-baseline scenario as

shown by the following root mean square errors (RMSE): where

Root Mean Square Errors
kout ktol loss

mean 111 (131) 478 (481) 66 (66)
%CV 183 (252) 115 (142) 131 (139)

RMSE’s are expressed as percentages of the true parameter val-

ues underlying the simulation and numbers in parentheses are

for the one-baseline scenario. %CV refers to variability of each

parameter between individuals.

CONCLUSION: The results observed here suggest that dou-

ble baseline scans, which are costly and a burden to patients, may

not be required for everyone enrolled in the study if multiple (≥4)

post treatment scans are obtained.
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ment; we subsequently used a mixed-effects model to describe

true individual baseline values [1,2] and response to treatment

[3]. Assessment of intra-patient variability via multiple baseline

scans is important when comparing pre-treatment levels to a sin-

gle post-treatment scan. Here, we assess the impact of multiple

baseline scans when not one, but four, post-treatment scans are

obtained, by fitting the model to simulated data with either one

or two pretreatment timepoints.

METHODS: DCE-MRI data was collected from 10 patients

with liver metastasis from primary colorectal cancer, where each

patient received two pretreatment scans and four additional scans

subsequent to a single dose of the anti-VEGF antibody beva-

cizumab [4]. Ktrans, a PD parameter that reflects vascular per-

meability, surface area and rate of perfusion within each lesion

was estimated for each imaging time point.

We developed a modified indirect response, mixed-effects

model to describe the population change in Ktrans after treat-

ment.

1000 data sets were simulated in NONMEM using population

parameters estimated by fitting our modified indirect response

model to the full data set. The mixed effects model was then

fitted to two variations of the 1000 simulated data sets, where:

1) each patient received 2 baseline scans (each simulated data set

is unmodified) and 2) each patient received only a single baseline

scan (the first baseline scan from each simulated data set was

removed).

RESULTS: The model that was fitted to the original data

and was used to generate the simulated data is characterized by

three structural parameters [kout (time−1 ), ktol (time−1 ) and

loss (dimensionless)], three interindividual variance parameters,
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and one overall residual variance parameter. The parameter es-

timates obtained from the simulated data varied widely, likely

due to data sparsity in the presence of large residual variability.

The quality of the parameter estimates obtained from the simu-

lated data was slightly improved in the two-baseline scenario as

shown by the following root mean square errors (RMSE): where

Root Mean Square Errors
kout ktol loss

mean 111 (131) 478 (481) 66 (66)
%CV 183 (252) 115 (142) 131 (139)

RMSE’s are expressed as percentages of the true parameter val-

ues underlying the simulation and numbers in parentheses are

for the one-baseline scenario. %CV refers to variability of each

parameter between individuals.

CONCLUSION: The results observed here suggest that dou-

ble baseline scans, which are costly and a burden to patients, may

not be required for everyone enrolled in the study if multiple (≥4)

post treatment scans are obtained.
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OBJECTIVES: Our objective is to model the time course of

an imaging biomarker in malignant tumors following a single dose

of bevacizumab. The biomarker, Ktrans, is monitored by Dy-

namic Contrast-Enhanced Magnetic Resonance Imaging (DCE-

MRI) and reflects vascular permeability, surface area and rate of

perfusion within each lesion. Patients underwent DCE-MRI at

two timepoints before treatment and four time points after treat-

ment; we subsequently used a mixed-effects model to describe

true individual baseline values [1,2] and response to treatment

[3]. Assessment of intra-patient variability via multiple baseline

scans is important when comparing pre-treatment levels to a sin-

gle post-treatment scan. Here, we assess the impact of multiple

baseline scans when not one, but four, post-treatment scans are

obtained, by fitting the model to simulated data with either one

or two pretreatment timepoints.

METHODS: DCE-MRI data was collected from 10 patients

with liver metastasis from primary colorectal cancer, where each

patient received two pretreatment scans and four additional scans

subsequent to a single dose of the anti-VEGF antibody beva-

cizumab [4]. Ktrans, a PD parameter that reflects vascular per-

meability, surface area and rate of perfusion within each lesion

was estimated for each imaging time point.

We developed a modified indirect response, mixed-effects

model to describe the population change in Ktrans after treat-

ment.

1000 data sets were simulated in NONMEM using population

parameters estimated by fitting our modified indirect response

model to the full data set. The mixed effects model was then

fitted to two variations of the 1000 simulated data sets, where:

1) each patient received 2 baseline scans (each simulated data set

is unmodified) and 2) each patient received only a single baseline

scan (the first baseline scan from each simulated data set was

removed).

RESULTS: The model that was fitted to the original data

and was used to generate the simulated data is characterized by

three structural parameters [kout (time−1 ), ktol (time−1 ) and

loss (dimensionless)], three interindividual variance parameters,
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and one overall residual variance parameter. The parameter es-

timates obtained from the simulated data varied widely, likely

due to data sparsity in the presence of large residual variability.

The quality of the parameter estimates obtained from the simu-

lated data was slightly improved in the two-baseline scenario as

shown by the following root mean square errors (RMSE): where

Root Mean Square Errors
kout ktol loss

mean 111 (133) 43 (45) 14 (15)
%CV 155 (225) 78 (108) 105 (113)

RMSE’s are expressed as percentages of the true parameter val-

ues underlying the simulation and numbers in parentheses are

for the one-baseline scenario. %CV refers to variability of each

parameter between individuals.

CONCLUSION: The results observed here suggest that dou-

ble baseline scans, which are costly and a burden to patients, may

not be required for everyone enrolled in the study if multiple (≥4)

post treatment scans are obtained.
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