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Quantitative analysis of tumor growth rate and changes in tumor
marker level: Specific growth rate versus doubling time
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! Department of Radiation Physics, University of Gothenburg, Goteborg, Sweden and >Department of Surgery,
University of Gothenburg, Gaeborg, Sweden

Abstract

Background. Doubling time (DT) of tumor volume has been widely used to estimate the growth rate of tumors. However,
DT gives incorrect estimates of the average growth rate of tumors when the uncertainty of growth rate is considerable.
Specific growth rate (SGR) is less affected by uncertainties and is a more relevant parameter. Optimized imaging techniques
and prolonged interval between observations can reduce the uncertainty of growth rate estimation. DT is also used for
defining changes in tumor marker level. The aim of this study was to compare DT and SGR as measures of growth rate
when the uncertainty is negligible. Merhods. Mathematical analysis and computer simulations were carried out assuming no
uncertainty of growth rate estimation. Data from two previously published clinical studies were assessed by both variables.
Results. Due to the non-linear relationship between DT and SGR, using these variables does not give similar results. The
variation of DT is not uniformly indicating variations of the growth rate. DT largely overestimates the difference in growth
rate of slowly growing tumors and underestimates the difference in growth rate of rapidly growing tumors. On the other
hand, SGR uniformly indicates the difference between growth rates throughout all ranges. Quantitative analysis of clinical
observations can lead to contradictory results depending on the variable used for growth rate. Conclusion. The growth rate of
tumor volume should be expressed by SGR, or percentage increase per unit time, regardless of the level of the uncertainty of
growth rate estimation. This conclusion is also valid for changes in tumor marker level, whether it is correlated with the
growth rate of tumor volume or not.

Growth rate is a quantifiable character of a tumor,
which depends on different factors (e.g., cell type,
growth fraction, cell loss rate, and clinical stage)
[1,2]. Tumor volume doubling time (DT) has been
widely used for measurement of tumor growth rate
since 1956 [3]. Tumor growth rate can also be
quantified by the specific growth rate (SGR, %/d)
[4]. If the tumor volume (V) is measured at times
t; and t;, SGR can be calculated as:

In(V,/V
sGR = V2/V0) (A)
t2 - t1
The relationship between DT and SGR is:
In(2
DT = L (B)
SGR

Equation B shows that either DT or SGR can be
used as measure of tumor growth rate, but the

relationship between these variables is not linear.
The non-linear relationship between DT and SGR
is important from different aspects, e.g., differences
in the effect of measurement uncertainties on these
variables, or when studying the relationship between
growth rate and other variables. We have already
studied the effect of the measurement uncertain-
ties of tumor volume on DT and SGR [4]. The
uncertainty of tumor growth rate causes an asymme-
trical frequency distribution of DT, which in turn
causes a deviation of mean DT from the true average
growth rate of tumors [4]. SGR was then suggested
to be a more suitable measure of tumor growth rate
when there is considerable uncertainty in the esti-
mation of growth rate. We also showed that SGR is
biologically more relevant than DT to interpret
heterogeneities within the tumor tissue, e.g., stromal
and tumor cell populations [4].
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The uncertainty of the estimated growth rate of a
tumor (DT or SGR) depends on the uncertainty of
the measurement of tumor volume as well as the
time interval between two measurements, i.e. t, —t;
in Equation A [4]. Optimized imaging techniques
with higher resolution and prolonged measurement
time interval can decrease the uncertainty of the
estimated growth rate of tumors. The mathematical
differences between DT and SGR, regardless of the
level of the uncertainty of growth rate value, have not
yet been studied.

Similar to the growth rate of tumor volume,
changes in the level of a tumor marker can also
be defined using DT or SGR. The mathematical
differences between DT and SGR are the same as for
the tumor growth rate. The tumor marker level may,
however, not be correlated with the tumor volume.

The aim of this study was to compare SGR and
DT by analysis of previously published clinical data
and computer simulations.

Materials and methods
Variation of DT per unit SGR

According to equation B, the variation of DT with
SGR is:

ADT  In(2)

ASGR _ SGR?

It shows that the variation of DT per unit SGR is
not constant for the whole range of SGR; it quickly
decreases with increasing the absolute value of
SGR. Variation of DT per unit SGR was plot-
ted for SGR values between —5%/d and +5%/d,
corresponding to DT values of —14 days to —oo
and 14 days to + oo, respectively.

(©

Comparison of growth rate between groups of tumors

Two groups of tumors, e.g. affected by different
therapeutics, were supposed for comparison includ-
ing 100 tumors in each group. The average SGR of
the first group was assumed to be 1%/d with a
standard deviation of 0.5%/d. The second group was
assumed to have an average SGR of 1.5%/d with a
standard deviation of 0.5%/d. The corresponding
DT values of the average SGR are 69 d and 46 d in
group 1 and 2, respectively. The variation of growth
rate in both groups was assumed to be solely due to
the biological differences between tumors with no
error in the estimation of SGR or DT values. The
SGR values were generated by the random number
generation function in Microsoft Excel (Microsoft)
and assumed to be normally distributed in both
groups. The corresponding DT values were calcu-
lated for all tumors in both groups using Equation B.

Arithmetic mean and standard deviation of the
simulated SGR and DT values were obtained for
both groups. The growth rate of two groups was
compared with Student’s t-test using SGR and DT
as measures of tumor growth rate.

In order to compare the frequency distribution
of SGR and DT, the computer simulation for group
1 was repeated assuming 10 000 tumors in the
group. The frequency distribution of the SGR and
the corresponding DT values was then plotted.

Chinical data

Two examples from previously published articles
were found that could represent the difference
between the results of statistical analyses based on
DT and SGR. In the first study, the authors found
statistically significant difference between DT of
prostate specific antigen (PSA) before and after
treatment in each of 9 of 12 patients [5]. Using the
signed rank test, they could also detect a significant
positive shift in the frequency distribution of DT
after treatment. In the present study, the increase
rate of PSA level before and after treatment was
compared in 12 patients using DT as well as SGR of
PSA level by Student’s t-test. (Note: The authors of
the original article used a method to study PSA level
variations in each patient, while in the current study
the PSA change in the group of patients was
studied). In the second study, the authors examined
the DT of serum CA 19-9 level in patients with
pancreatic cancer [6]. A significant correlation was
found between the DT of the serum level of CA 19-9
and the DT of tumor volume in 11 of 75 patients,
where both DT values were available. In the present
study, the corresponding SGR values of the DT of
the tumor marker level as well as the DT of tumor
volume were calculated and the correlation between
the two variables was examined.

Results

Figure 1 shows the variation of DT per 1%/d change
in SGR based on Equation C. Each %/d of SGR
corresponds to a change in DT of 3 days when
the SGR is +5%/d. With decreasing the absolute
value of SGR, each %/d change of SGR corresponds
to a higher value on the DT scale, with 69 days at
+1%/d and approaching infinity at SGR =0. A DT
of 1 day does not represent the same growth rate
when the tumor is slowly growing as when the tumor
is rapidly growing (Figure 1). For a slowly growing
tumor with low SGR, DT increases considerably
with a slight decrease in SGR. For a rapidly growing
tumor with high SGR, DT decreases slightly even
with a large increase in SGR. DT understates the
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Figure 1. Change in DT per %/d change in SGR, dDT/dSGR,
versus SGR. dDT/dSGR changes slightly for rapidly growing
tumors, whereas it changes largely for slowly growing tumors
and approaches oo when SGR approaches zero, i.e., DT
approaches co.

growth rate of slowly growing tumors and overstates
the growth rate of rapidly growing tumors.

The computer simulation was run for a few times
until the generated results could well describe the
possible contradictory inferences of the statistical
testing of SGR and DT. The selected simulation
result of the SGR and corresponding DT values of
the two hypothetical tumor groups are presented
in Table I. Negative SGR and DT values were
allowed and observed in the results. The mean of
the simulated SGR values in each group was not
identical to, but was close to the assumption made:
1.02%/d versus 1%/d in group 1 and 1.38%/d versus
1.5%/d in group 2, respectively. The standard
deviation of the simulated SGR values was also close
to the assumption: 0.46%/d in group 1 and 0.50%/d
in group 2 versus 0.50%/d for both groups. The
mean DT of tumors in groups 1 and 2 was 66 d and
63 d, which was close to the assumption in group
1 (69 d) and was largely different from the assump-
tion in group 2 (46 d). Maximum deviation of DT
from the mean DT was much higher than the
maximum deviation of SGR from the mean SGR
in both groups: 2 227% versus 135% in group 1 and
481% versus 86% in group 2, respectively (Table I).

The difference between the growth rates of two
groups was statistically significant when SGR was
used (p<0.0000001) and not significant when DT
was used (p>0.4). With the symmetrical frequency
distribution of SGR, the frequency distribution of
DT was positively skewed (Figure 2). The maximum
frequency of SGR and DT were located at 1%/d and
60 d-70 d, respectively. Large positive and negative
DT values, when SGR approached zero, caused two
smaller peaks at negative and positive ends of the
frequency distribution of DT. Such values are
usually excluded in clinical studies [4].
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For the clinical studies, the difference between
DT of PSA level before and after treatment was
not statistically significant (p>0.1), but the differ-
ence between SGR of PSA level before and after
treatment was statistically significant (p<0.002)
(Table II). In addition, the correlation between DT
of CA 19-9 level and DT of tumor volume was
statistically significant (p<0.0001), but the correla-
tion between SGR of CA 19-9 and SGR of tumor
volume was not statistically significant (p>0.3)
(Table III).

Discussion

Our results clearly show that selecting a proper
variable for tumor growth rate and change in
tumor marker level is crucial. Recalculation of the
previously published clinical data, as well as com-
puter simulation and mathematical analysis, showed
that quantitative analyses can lead to contradictory
results depending on the variable used: SGR or DT.

The quantity of tumor growth rate is used in a
wide range of studies, e.g., when classifying tumors
according to their growth rate [7], or when the
correlation between tumor growth rate with other
factors is studied, e.g. patient survival [7-10], radio-
nuclide concentration in tumor [10,11], therapeutic
effectiveness [12], and histological characteristics
of tumor tissue [2]. The results of quantitative
studies based on growth rate and marker level
changes may be different by using SGR or DT.
Note that we do not discuss clinical data from a
medical point of view and we have only used the
published DT values and calculated corresponding
SGR values. These examples were selected, since
contradictory results using SGR and DT could
clearly be demonstrated. In general, the theoretical
basis for the difference between DT and SGR are
valid for any variable that might be measured with
DT or SGR.

Tumor growth is a result of cell duplication over
time (t). Therefore, the growth rate of a tumor is
proportionally related to the number of proliferating
cells (and tumor volume, V):

d—Voc V:ﬂzSGR-V7 (D)
dt dt

where SGR is the growth constant. Solving the
differential Equation D results in the well known
exponential growth model:

V2 — Vl eSGR(zzle)7 (E)

Equations A and E are mathematically identical.
SGR is the growth constant of tumor, which is the
correct measure of tumor growth rate. When the
growth rate of a tumor is measured with DT,



Table I. Results of computer simulation. SGR and DT values are presented for all tumors in both groups, assuming mean SGR values of 1%/d and 1.5%/d in group 1 and 2, respectively, and a
standard deviation of 0.5%/d in both groups.

Group 1 SGR%/d (DT days) Group 2 SGR%/d (DT days)

0.55 (126) 2.06 (34) 1.01 (69) 1.08 (64) 0.98 (71) 2.3 (30) 0.93 (74) 1.17 (59)
0.47 (148) 0.91 (76) 1.49 (46) 0.83 (83) 1.04 (66) 1.1 (63) 1.33 (52) 2.49 (28)
1.01 (69) 1.17 (59) 1.09 (64) 0.95 (73) 1.01 (69) 2.12 (33) 1.2 (58) 1.35 (52)
1.56 (44) 1.76 (39) 1.52 (46) 0.92 (76) 2.3 (30) 1.64 (42) 1.32 (53) 0.99 (70)
0.86 (81) 0.54 (129) 0.47 (148) 1.79 (39) 0.57 (122) 0.8 (87) 1.08 (64) 1.3 (53)
1.17 (59) 1.56 (44) 1.23 (57) 0.3 (230) 0.91 (76) 1.58 (44) 1.47 (47) 1.26 (55)
0.48 (145) 0.92 (75) 1.81 (38) 0.82 (85) 1.35 (51) 1.62 (43) 1.5 (46) 0.19 (367)
0.85 (82) 1.11 (62) 1.26 (55) 1.67 (42) 1.96 (35) 0.39 (180) 1.57 (44) 0.26 (269)
0.75 (92) 1.29 (54) 1.28 (54) 0.67 (103) 2.33 (30) 2.25 (31) 1.4 (49) 1.75 (40)
0.7 (100) 1.15 (60) 0.82 (84) 0.69 (101) 1.33 (52) 0.8 (87) 0.3 (227) 1.19 (58)
1.27 (54) 0.86 (81) 0.81 (85) 0.89 (78) 1.71 (41) 0.75 (93) 1.28 (54) 0.41 (171)
0.53 (132) 0.33 (213) 0.46 (152) 1.79 (39) 1.69 (41) 2.06 (34) 1.76 (39) 1.89 (37)
1.4 (50) 0.69 (100) 0.72 (96) 0.91 (76) 0.81 (85) 1.51 (46) 1.23 (56) 1.75 (40)
0.95 (73) 0.98 (71) 0.9 (77) 0.73 (95) 1 (69) 2.4 (29) 1.91 (36) 0.57 (122)
1.4 (50) 0.69 (100) 1.02 (68) 1.09 (64) 1.61 (43) 1.46 (47) 1.91 (36) 1.11 (62)
1.12 (62) —0.05 (—1412) 1.16 (60) 0.19 (368) 1.41 (49) 2.06 (34) 1.76 (39) 1.33 (52)
1.5 (46) 1.41 (49) 0.28 (244) 0.86 (81) 1.79 (39) 1.89 (37) 1.68 (41) 1.19 (58)
0.89 (78) 1.69 (41) 1.67 (42) 0.94 (74) 1.15 (60) 1.65 (42) 1.01 (68) 1.62 (43)
0.8 (87) 0.37 (188) 1.25 (56) 0.74 (93) 1.5 (46) 0.78 (88) 0.7 (99) 1.96 (35)
0.82 (84) 1.18 (59) 1.01 (69) 0.86 (81) 1.98 (35) 1.14 (61) 0.52 (132) 1.03 (67)
0.27 (254) 1.93 (36) 0.44 (159) 0.99 (70) 1.27 (54) 1.38 (50) 1.67 (42) 1.58 (44)
1.15 (61) —0.36 (—194) 1.72 (40) 1.38 (50) 1.33 (52) 1.76 (39) 1.42 (49) 2.03 (34)
1.1 (63) 1.5 (46) 0.81 (85) 1.19 (58) 1.09 (63) 1.79 (39) 0.95 (73) 1.69 (41)
1.04 (67) 2.36 (29) 1.17 (59) 1.31 (53) 1.72 (40) 1.62 (43) 1.13 (61) 1.66 (42)
1.47 (47) 1.02 (68) 1.08 (64) 0.37 (188) 1.05 (66) 1.75 (40) 1.13 (61) 0.98 (71)
Mean SGR =1.02%/d Mean SGR =1.38%/d

Standard deviation of SGR =0.46%/d Standard deviation of SGR =0.50%/d

Mean DT =66 days Mean DT =63 days

Standard deviation of DT =166 days Standard deviation of DT =49 days

Max SGR =2.36%/d (132% deviation from the mean) Max SGR =2.49%/d (80% deviation from the mean)

Min SGR =-0.36%/d (135% deviation from the mean) Min SGR =0.19%/d (86% deviation from the mean)

Max DT =368 d (455% deviation from the mean) Max DT =367 d (481% deviation from the mean)

Min DT =-1412 d (2 227% deviation from the mean) Min DT =28 d (56% deviation from the mean)
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Figure 2. Frequency distribution of SGR (panel-A) and corresponding DT values (panel-B). The computer simulation was done similar to
the simulation for the tumors in group 1 (Table I), but the number of tumors was assumed to be 10 000 in order to obtain a better statistics.

the scale of measurement is nonlinearly transformed
from the correct scale of SGR to the incorrect scale
of DT (Equation B). The SGR of a tumor in clinical
observations is in the order of a few tenths %/d to a
few %/d [4]. DT does not uniformly indicate the
difference between growth rates of tumors through-
out all ranges. In addition, DT does not have an
absolute zero in its scale; DT is not defined when the
growth rate of tumor is zero, ie., V;=V, in
Equation A and SGR =0 in Equation B. Therefore,
DT is not a proper variable for measurement of
tumor growth rate.

Tumors may follow non-exponential growth
model, e.g., Gompertzian model. DT and SGR
values are estimates of the amount of tumor growth
rate in a specific time, or a specific size, calculated
from two tumor volume measurements (Equation
A). If the growth model is exponential, the growth
rate will be constant and can be quantified by a
single value (DT or SGR). Non-exponential growth
models assume that the growth rate depends on time
or size of tumor. The growth model of a non-

exponentially growing tumor cannot be explained by
a single value, and more parameters are needed to
describe the true growth model of each tumor. As a
result, the non-exponential growth characteristics of
tumors cannot be observed with only two volume
measurements. Here, we study the difference be-
tween DT and SGR as quantities of tumor growth
rate (at any time point or size), and therefore, the
results are valid whether the growth rate is constant
(exponential growth) or varying by time or size of
tumor (non-exponential growth). However, non-
exponential growth is not usually observed in natural
growth of tumors in clinical studies, because the
tumors can be followed only for a short time before
the start of treatment.

We assumed that SGR is normally distributed and
we showed that DT distribution will then be
positively skewed. This result is expected according
to the nonlinear relationship between DT and SGR
(Equation B). We used this method to demonstrate
the asymmetry induced by transforming growth rate
values from SGR to DT. It doesn’t mean that SGR is

Table II. Increase rate of PSA level before and after treatment initiation. DT values were retrieved from a previously published clinical
study, Guess et al. (2003) [5], and the corresponding SGR values were calculated (Equation B). The difference between DT of PSA level
before and after treatment is not statistically significant (p>0.1). The difference between SGR of PSA level before and after treatment is
statistically significant (p<0.002). Note: Patient ID is the same ID used in the original paper. Data reprinted with permission of John

Wiley & Sons, Inc.

DT (months)

SGR (%/month)

Patient ID Before treatment After treatment Before treatment After treatment
3 3.97 13.43 17.46 5.16
7 5.67 10.11 12.22 6.86
8 1.14 291 60.80 23.82
9 3.37 7.71 20.57 8.99

11 1.58 16.49 43.87 4.20

13 10.5 7.97 6.60 8.70

15 2.66 11.95 26.06 5.80

17 3.64 3.27 19.04 21.20

18 2.04 4.96 33.98 13.97

20 2.33 3.24 29.75 21.39

21 6.29 —155.49 11.02 —0.45

22 5.12 —645.51 13.54 —0.11
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Table III. Growth rate of tumor volume as well as the increase rate of serum CA 19-9 in 11 patients with pancreatic cancer. DT values were
retrieved from a previously published clinical study, Nishida et al. (1999) [6], and the corresponding SGR values were calculated (Equation
B). The correlation between DT of CA 19-9 level and DT of tumor volume is statistically significant (p<0.0001). The correlation between
SGR of CA 19-9 and SGR of tumor volume is not statistically significant (p>0.3). Note: Patient no. is the case number used in the original
paper. Data reprinted with permission of John Wiley & Sons, Inc.

Patient no. CA 19-9 DT (d) Tumor DT (d) CA 19-9 SGR (%/d) Tumor SGR (%/d)
2 8.3 34.8 8.4 2.0
6 39.7 44.6 1.7 1.6
9 46.3 345 1.5 2.0

26 36.5 21.2 1.9 3.3

35 30.4 47.7 23 1.5

36 67.1 112.8 1.0 0.6

40 44.7 70.6 1.6 1.0

47 24.7 18.4 2.8 3.8

50 42.7 50.6 1.6 1.4

62 137.5 231.6 0.5 0.3

68 42.3 39.3 1.6 1.8

normally distributed in clinical observations, e.g., for
non-exponentially growing tumors with declining
growth rate, the frequency distribution of SGR will
deviate from normal distribution according to the
extent of growth decline, because larger tumors
will have lower growth rates. Such information is
more difficult to retrieve from the asymmetric DT
distribution. In addition, we have already shown that
growth rate variations due to measurement uncer-
tainty that are symmetrically propagated to SGR
cause an asymmetrical frequency distribution of DT
[4]. Studies have shown that the frequency distribu-
tion of DT in clinical observations is positively
skewed, similar to Figure 2, and the logarithmic
transformation of DT, which is used by some
researchers [8,9,13-16], can not fully compensate
for the asymmetry of DT distribution [4]. Data for
the real frequency distribution of SGR in clinical
observations is not available, because DT has been
the variable used for quantification of tumor growth
rate so far. There is, however, a future opportunity
to compare the expected frequency distribution of
SGR for different growth models with biological/
clinical data to reveal the most appropriate growth
model in each case. In the present paper we used
Student’s t-test in our analyses although the pre-
requisite is that the parameter is normally distrib-
uted. The reason is that in most previously published
studies Student’s t-test is usually utilized although
the true frequency distribution of growth rate is not
known [17,18].

In conclusion, the present study demonstrated
that analysis of the growth rate of tumor volume
using doubling time can give opposite results to an
analysis based on the specific growth rate. The
specific growth rate is the more appropriate quantity
for tumor growth rate. This conclusion is also valid
for quantification of change in tumor marker level.
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