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Abstract
Background: Tumour volume at therapy initiation, Vi, is rarely available in cancer patients, and the last pre-treatment
tumour volume available is from previous diagnostic imaging (Vd). Therapeutic efficacy is thus evaluated by comparing
tumour volume after treatment with Vd, instead of Vi, which results in underestimation of treatment efficacy. Vi,
together with Vd, can also be used for estimation of the natural growth rate of tumour valuable for, e.g., screening
programs, prognostication and individualised treatment planning such as chemotherapy scheduling. The aim of this
work was to study the feasibility of estimating Vi by back-extrapolating the post-therapy regression of tumour volume,
based on data from animal model.
Methods: Nude mice bearing human neuroendocrine GOT1 tumour cell line were treated with 177Lu-DOTA-TATE.
Tumour volumes were measured regularly after therapy and Vi was estimated by back-extrapolation of (a) linear and
(b) exponential regression lines of the two earliest post-therapy tumour volumes and (c) the long-term exponential
regression of tumour volume. The estimated Vi values (Vest) were compared with the measured volume of tumour at
therapy initiation.
Results: The linear regression of the two earliest post-therapy tumour volumes gave the best estimate for Vi (Vest = 0.91
Vi, p < 0.00001), compared with the exponential regression models either on short-term (Vest = 2.30 Vi, p < 0.01), or
long-term (Vest = 0.93 Vi, non-significant) follow up of tumour volume after therapy.
Conclusion: Back-extrapolation of the early linear regression of tumour volume after therapy gave the best
estimate for tumour volume at time of therapy initiation. This estimate can be used as baseline for treatment
efficacy evaluation or for estimation of the natural growth rate of tumour (together with the measured tumour
volume at pre-treatment diagnostic imaging).
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Background
Knowledge of the natural growth rate of tumours is
valuable for, e.g., optimization of screening programs, and
individualised treatment planning, such as scheduling
chemotherapy. Post-therapy suppression of tumour growth
rate can also be used for early assessment of therapeutic
efficacy of different therapeutic agents, e.g., cytotoxic and
cytostatic therapeutics [1, 2].
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Growth rate of tumours can be quantified by the specific growth rate (SGR) of tumour as following [3, 4]:
 .
ln V 2
SGR ¼

t 2 −t 1


V1

;

ð1Þ

where V1 and V2 are tumour volumes at times t = t1
and t2, respectively. SGR is by definition equal to the
limit of relative growth rate of tumour when the measurement time interval, i.e. t2-t1, approaches zero and it is usually given in %/d (percent per day). We have previously
shown that SGR is mathematically and biologically a more
accurate measure for tumour growth rate than the widely

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Mehrara and Forssell-Aronsson Applied Cancer Research (2018) 38:11

used tumour volume doubling time [3, 4]. Although the
above equation is originally derived for tumour volume, it
can also be used for tumour marker concentration levels
for, e.g., prostate specific antigen, PSA [5], and CA125 [6].
Eq. 1 shows that estimation of tumour growth rate needs
at least two tumour volume measurements before the
start of therapy. In clinical practice, however, treatment is
usually started as early as possible after diagnosis, not
permitting the delay that a second imaging examination
would be acquired. Thus, tumour volume is usually
only available from one occasion, the previously performed
diagnostic imaging. Mathematical methods must, therefore, be used for indirect estimation of tumour growth rate
prior to treatment.
The exponential model is usually used for quantification
of tumour growth rate, e.g. by SGR, but tumours may
show non-exponential growth patterns, e.g. Gompertzian,
if the growth is followed for a long time. However, clinical
data on long term growth of tumours in untreated patients are seldom available, because the patients usually receive treatment after diagnosis and there are limited
mathematical analyses that may provide methods for estimation of such non-exponential parameters of tumour
growth in patients [7, 8]. Nevertheless, growth of tumours
in short term can be well described by exponential model.
In addition, knowledge of tumour volume at therapy
initiation is valuable for more accurate assessment of the
efficacy of treatment. A new objective method for quantification of therapeutic efficacy in cancer patients was
previously proposed [1, 2]. It was shown that neglecting
the natural growth of tumour between base-line imaging
and the time of therapy initiation results in underestimation of therapeutic efficacy. The method uses change
in tumour volume as reference. However, in response
evaluation criteria in solid tumours (RECIST), tumour
size assessed by callipers can be used for efficacy assessment. Current recommendations in RECIST compare
post-therapy tumour size with tumour size at diagnosis,
where all baseline evaluations should be performed as
close as possible to the treatment start and not more than
4 weeks before the beginning of the treatment [9, 10].
Common human cancers can grow as fast as a few percent per day [3] and, e.g., the volume of a tumour with
SGR = 1%/d will increase more than 30% in a 4 weeks
period. Therefore, the natural growth of tumour in time
period between diagnosis and therapy initiation can be
considerable for fast growing tumour and can result in
underestimation of therapeutic efficacy [1, 2].
The aim of this work was to study the feasibility of
estimating tumour volume at therapy initiation by
back-extrapolating the post-therapy regression of tumour
volume. The study was performed using data from
mice xenografted with human neuroendocrine tumours
(NETs) and treated with 177Lu-DOTA-Tyr3-octreotate
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(177Lu-DOTA-TATE). 177Lu-DOTA-TATE is a somatostatin analogue and one of the most common radiopharmaceuticals used for treatment of malignant small
intestine NETs that express high numbers of somatostatin
receptors (SSTRs). 177Lu is a medium-energy electron emitter (maximal electron energy = 498 keV, half-life = 6.6 days).
The use of this radiopharmaceutical is approved for certain
groups of patients with NETs.

Methods
Data were used from a previously published article by
Kölby et al. entitled “Successful receptor-mediated radiation therapy of xenografted human midgut carcinoid
tumour” [11]. Nude mice bearing the human neuroendocrine GOT1 tumour cell line were i.v. treated with
30 MBq (n = 6), 60 MBq (n = 6) or 120 MBq (n = 4) single
dose of 177Lu-DOTA-Tyr3-Octreotate (177Lu-DOTA-TATE).
Tumour volumes at time of therapy initiation as well as 3, 7,
10, 14, and 21 days after therapy were measured using calipers ranged 1 to 30 mm in length. Tumour volume was calculated using the formula V = 4π(a/2)(b/2)(b/4)/3, where a
and b are the length and the width of tumour, respectively.
The depth of tumour is assumed to be equal to the half of
the width, i.e. b, in this equation, because these subcutaneous tumours grew larger in length and width compared with
the depth. All tumours disappeared after treatment or
started regrowth after 21 days or earlier.
All animal experiments were approved by the Ethics
Committee for Animal Experiments, Gothenburg, Sweden
(nr. 119–2005).
The following three models were fitted to each mouse
individually and tumour volume, Vest, at base-line was
estimated for each mouse by back-extrapolating the best
fit to the time of therapy initiation:
 Lin: Linear model was fitted to tumour volume

values measured early after treatment, i.e. at days 3
and 7, and the linear regression line was backextrapolated to day 0, i.e. therapy initiation time.
The TREND function in Microsoft Excel was used
for calculations.
 Exp: Exponential model was fitted to tumour volume
values measured early after treatment, i.e. at days 3
and 7, and the exponential regression equation was
back-extrapolated to day 0, i.e. therapy initiation time.
The GROWTH function in Microsoft Excel was used
for calculations.
 EXP: Exponential model was fitted to tumour volume
values after treatment and the exponential regression
equation was back-extrapolated to day 0, i.e. therapy
initiation time. All data points after treatment until
tumour disappeared or just before regrowth were
included in calculations. The GROWTH function in
Microsoft Excel was used for calculations.
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The estimated Vest values from Lin, Exp and EXP
models, were plotted versus the true measured Vi values
and the correlation and residuals were calculated and
compared between the three models. All calculations
and correlation studies were done using Microsoft Excel.

Results
Figure 1 shows the tumour volume at time of therapy
initiation (Vi) estimated using the three post-therapy
tumour volume regression models: Lin: Linear regression
of the first two volume measurements after therapy, Exp:
Exponential regression of the first two volume measurements after therapy, and EXP: Long-term exponential regression of tumour volume after therapy using all data
until tumour volume reaches the minimum.
The best fit for the Lin model was Vest = 0.91Vi (R2 =
0.89) and Vest = 0.91Vi-0.004 (R2 = 0.89) with and without forcing intercept = 0, respectively. Correlation between
the estimated and the true Vi was statistically significant
for Lin model (p < 0.00001) with and without forcing
intercept = 0 and slope of the regression line was close to
the ideal model with unity value, i.e. Vest = Vi.
The best fit for the Exp model was Vest = 2.3Vi (R2 = 0.64)
and Vest = 2.22Vi + 1.28 (R2 = 0.64) with and without
forcing intercept = 0, respectively. Correlation between the
estimated and the true Vi was statistically significant for
60

Exponential
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Exp model (p < 0.001) with and without forcing intercept = 0. However, this model overestimated Vi by a factor
of 2.3 and 2.22 with and without forcing intercept = 0,
respectively.
The EXP model extremely overestimated the Vi by a
factor of more than 14 in one mouse, where Vest = 83.2
and Vi = 5.7. This point was considered as an outlier and
was excluded from calculations and is not shown in
Fig. 1. The best fit for the EXP model was then Vest = 0.7Vi
(R2 = 0.4) and Vest = 0.54Vi-2.04 (R2 = 0.4) with and without
forcing intercept = 0, respectively. However, the best fit for
the EXP model, including the outlier point, was Vest =
0.93Vi (R2 = − 0.123) and Vest = − 0.08Vi-13 (R2 = 0.0006)
with and without forcing intercept = 0, respectively. The
negative R2 = − 0.123 obtained by the Excel program was
assumed to be zero. Correlation between the estimated
and the true Vi was not statistically significant for the EXP
model either with or without forcing intercept = 0 for
both including and excluding the outlier point (Vest = 83.2,
Vi = 5.7).
Figure 2 shows the residuals, i.e., the difference between
the estimated and the true values of tumour volume at
time of therapy initiation (Vi) for regression models in
Fig. 1. Residual sum of squares (RSS) were 66, 4718,
6416 for the Lin, Exp, and EXP models, respectively.
These results show that back-extrapolation of the early
linear regression equation of tumour volume after therapy,
i.e. the Lin model, gives the best estimate for tumour volume at therapy initiation.
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Discussion
In this article, we studied the feasibility of estimating
tumour volume at time of therapy initiation (Vi) by
back-extrapolating the post-therapy regression equation

40
Lin: V = 0.91 Vi

30

20

EXP: V = 0.93 Vi

10

0
0

10

20

30
True Vi (Cm3)

40

50

60

Fig. 1 Estimated tumour volume at time of therapy initiation (Vest)
calculated using three different post-therapy tumour volume regression
models versus true tumour volume at time of therapy initiation (Vi). The
regression models were: Lin: Linear regression of the first two volume
measurements after therapy, Exp: Exponential regression of the first two
volume measurements after therapy, and EXP: Long-term exponential
regression of tumour volume after therapy using all data until tumour
volume reaches the minimum. Regression equations (intercept = 0): Lin:
V = 0.91 Vi, (p < 0.00001); Exp: V = 2.30 Vi, (p < 0.01); EXP: V = 0.93 Vi,
(non-significant). For the EXP model, the regression equation was
Vest = 0.7 Vi, when an outlier point (Vest = 83.2, Vi = 5.7), which is not
shown in this figure, was excluded and R2 = 0.4 and was the correlation
was still non-significant

Fig. 2 Residuals, i.e., the difference between the estimated (Vest) and
the true values of tumour volume at time of therapy initiation (Vi) for
regression models in Fig. 1. Residual sum of squares (RSS): Lin: 66;
Exp: 4718; EXP: 6416
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of tumour volume. Vi is rarely available in patients, and
the last pre-treatment measurement of tumour volume
is available from previous diagnostic imaging (Vd).
Therapeutic efficacy is therefore evaluated by comparing
the post-therapy tumour volume/size with Vd, instead of
Vi, which can result in underestimation of the efficacy of
treatment [1, 2]. In addition, estimation of the natural
growth rate of untreated tumour needs at least two
tumour volume estimations prior to therapy, e.g., Vd and
Vi. Furthermore, natural tumour growth rate is correlated with kinetic index [12] and patient survival [13, 14]
and is also valuable for evaluating therapeutic efficacy
[1, 2, 6, 15–21]. Due to limited availability of diagnostic
imaging, an examination close to treatment initiation is
in general not possible, and indirect methods for estimation of Vi must therefore be developed using, e.g., mathematical models.
We did not include calculations based on linear regression of long-term follow up of tumour volume after
therapy, because the linear model can well describe
tumour shrinkage only directly after therapy. The longer
term change in tumour size/volume is however usually
better described by non-linear models. In our data, similar
to most published studies in literature, tumour shrinkage
after therapy is clearly not linear in long term and a good
linear fit cannot be obtained in order to estimate tumour
volume at therapy initiation by back-extrapolation.
Our results showed that the linear regression equation
of the two earliest post-therapy tumour volume estimations is the most reliable model for estimation of Vi,
compared with the exponential regression models either
in short- or long-term follow up of tumour volume after
therapy. If tumour volumes V1 and V2 are measured at
two earliest occasions after therapy, i.e., t1 and t2, respectively, the following equation gives the best estimate
for tumour volume at therapy initiation:
Vi ¼

t 2 V 1 −t 1 V 2
t 2 −t 1

ð2Þ

Since, in this study, the first and the second post-treatment tumour volume measurements were done 3 and
7 days after therapy initiation, i.e. t1 = 3 and t2 = 7 days,
eq. 2 was rewritten as Vi = (7 V1-3 V2)/4.
This result might seem unintuitive since in general exponential curves best describes growth curves. However,
in the present application focusing on short-term behaviour, the results clearly demonstrates that although the
correlation for the EXP curve was good, this model overestimated the tumour volume at time of treatment initiation by more than a factor of two. The most reliable
method was then in this case the linear one. It is important to perform similar studies on other tumour types in
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animals and if possible humans in order to analyse if the
best model is tumour type specific.
It should be noted that in clinical practice, tumour
volume change after treatment may depend on many
variables, including tumour size before treatment, tumour
growth rate, tumour heterogeneity, drug mechanism of
action, drug efficiency, treatment cycles interval, tumour
resistance, clone selection/mutation and tissue perfusion.
We used data from a xenograft of a well differentiated
neuroendocrine tumour, that highly expresses somatostatin receptors and were submitted to a single course of
treatment. These tumours may show a more uniform and
linear change in size after treatment than in the clinical
situation, although tumour heterogeneity is clearly present
with e.g. sometimes large necrotic and hypoxic regions. It
should also be noted that GOT1 tumours are slowly growing (compared with most otherwise used animal models),
more in line with the clinical situation for solid tumours.
In this study, 177Lu-DOTA-TATE was administered as
a single dose of 30, 60 or 120 MBq to each mouse. It
was assumed that the different dose levels change the
parameters of the post-therapy regression curve, but the
regression model will be the same. In clinical situations,
however, the therapeutics are almost always administered over time. This can modify the kinetics and the
mathematical model of tumour regression after therapy
initiation. Nevertheless, the results show that the method
is promising and studies on other types of tumours and
treatment modalities, especially on patient data (where true
Vi is available), is warranted.
In general, the tumor burden is the volume of the tumors in the body, and the tumor volume would always be
the best parameter to study. Many times it is, however, too
time-consuming to define the tumor volume correctly by
imaging, which also must be adapted for this situation,
and then a simpler way to determine tumor volume is
more practical, e.g. using unidimensional measurements.
It should also be mentioned that not all tumors are round
or oval. In this study, we focused on a method for estimation of tumor volume at therapy initiation that can be
used where such measure is needed, e.g., in our proposed
method in reference 1-2. However, the general concept of
the study might most probably be translatable to other
measures and growth equations.

Conclusion
Back-extrapolation of the early linear regression of tumour
volume after therapy gave the best estimate for tumour
volume at time of therapy initiation. This estimate can be
used as baseline for efficacy evaluation or (together with
the measured tumour volume at pre-treatment diagnostic
imaging) for estimation of the natural growth rate of
tumour.
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