TUMOR GROWTH PATTERNS IN MULTIPLE MYELOMA
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Serial changes in tumor mass were evaluated in 61 patients with multiple
myeloma who had received intermittent courses of melphalan-prednisone until
death. The variations in the kinetics of tumor reduction and relapse could be
explained by a mathematical model based on two cell populations, one sensi-
tive to and one resistant to chemotherapy. For all responding patients, the
median tumor halving-time was 1.3 months and the median doubling time was
2.9 months. The duration of a constant tumor mass during remission was brief
in most patients. A larger fraction of resistant cells prior to therapy was asso-
ciated with a slower tumor doubling-time during relapse. With a constant
fractional reduction of sensitive cells and a tumor halving-time of one month or
less, all cells sensitive to alkylating dagents would be eliminated with 3 years of
uninterrupted intermittent therapy.
Cancer 39:1077-1084, 1977.

CLARIFICATION OF THE GROWTH KINETICS OF
human cancer may provide a more ra-
tional basis for future improvements in treat-
ment. Multiple myeloma is a malignant disorder
involving plasma cells which, because of the pro-
duction of a measurable marker protein, pro-
vides a useful model for the study of tumor
growth kinetics. The kinetics of tumor change
were analyzed in 61 myeloma patients who had
received a standard program of chemotherapy
until death. A mathematical model based on the
concept of two malignant cell populations, one
drug-sensitive and one drug-resistant, was used
to describe the data. Results indicated an initial
rapid decrease in tumor mass with therapy, fol-
lowed by a short period of steady-state tumor
mass during remission, and then a relapse mani-
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fested by unimpeded growth of a drug resistant
cell population.

M ETHODS OF STUDY

Sixty-one patients with multiple myeloma in
whom chemotherapy had been initiated be-
tween 1965 and 1973 were studied. All patients
with sufficient data for analysis were included.
This excluded only patients who died within 6
months of initiation of therapy and patients
without 6 or more sequential determinations of
myeloma protein levels. The median age was 58;
51% were males. All had serum monoclonal
myeloma proteins, 48 of IgG and 13 of IgA type;
patients with only Bence-Jones proteins or with-
out serum myeloma proteins were excluded
from this study. All patients received inter-
mittent courses of melphalan and prednisone at
approximately constant intervals until death,
according to one or several dose regimens de-
scribed elsewhere.!®

In general, response to treatment could be
classified according to two categories: patients
whose tumor mass was reduced by therapy but
whose serum M-component peak was evident at
each measurement and patients whose serum
peak disappeared from the electrophoresis strip.
However, in order to obtain complete patterns of
tumor reduction and regrowth, only patients fol-
lowed continuously until death were included in
the analysis.

The serum myeloma protein production rate
was used as an index of changing tumor

1077



1078

mass.>?® Myeloma protein production rates
were calculated from clinical measurements ob-
tained at 6-week intervals immediately prior to
each treatment course. The production rate was
derived as previously described from the serum
myeloma protein concentration, the catabolic
rate of the abnormal globulin,** and the plasma
volume. Plasma volumes were estimated from
the hematocrit and body weight in 53
patients®*** and were measured directly using
standard radioisotope techniques in eight
patients.?** Comparative studies of tumor mass
change in patients with serial plasma volume
measurements showed no significant differences
in tumor halving or doubling times when com-
pared to results using estimated plasma vol-
umes; however, the magnitude of the maximum
tumor reduction was probably underestimated
in some patients with a markedly increased
plasma volume.. Values for myeloma protein
production rate were expressed as a percentage
of the pretreatment value and plottéd against
time until death. Based on specific laboratory
criteria, a clinical tumor mass grade of “high”,
“intermediate’’, or “‘low’ was assigned to each
patient before the initial course of treatment.*%®

Two mathematical functions were used to
model the data and are presented in order of
increasing complexity. Basic to both models was
the assumption that the tumor in untreated
patients was composed of two cell populations,
one comparatively drug-sensitive and the other
drug-resistant.” A constant fractional cell kill for
sensitive cells was also assumed. In order to
describe the observed serial tumor mass changes
in the most simple terms, a double exponential
model was developed (Fig. 1a).

The double exponential model, formulated by

Y(t) = (1 = p) exp (—at) + p exp (6t)

where Y(t) is the tumor mass at time t, used the
sum of two independent exponential functions to
describe tumor kinetic behavior during the clini-
cal phase of the disease (Fig. 1). The model
required three parameters: p, the drug-resistant
fraction of the tumor at the time of the initial
treatment; @, the net rate of decay of the sensi-
tive population, which was related to the time
required to reduce the sensitive population by
one-hall (tumor halving-time = Tyn) by a =
1n2/Th; and B, the net rate of growth of the
resistant population, which was related to the
doubling-time of the resistant tumor mass (tu-
mor doubling-time = T4) by 8 = 1n2/Ta. Ac-
cording to the double exponential model, the
halving time of the sensitive population corre-
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sponded approximately with the initially ob-
served tumor halving-time; the doubling-time of
the resistant population corresponded approxi-
mately with the observed tumor doubling-time
during relapse.

In order to evaluate the likelihood that the
tumor growth rate decreased with tumor pro-
gression, ##238 5 second function was eval-
uated that required an additional parameter for
describing changes in tumor growth rates as a
function of tumor size. This model (Fig. 1b) was
formulated by

Y(t) = (1 —p) exp (—at) + p exp(K(1 — exp
(— «t)))

and was called the exponential-Gompertzian
model. This model used the sum of an ex-
ponential decay and a Gompertzian regrowth
function to fit the data.? the parameters p and «
were defined as before; p(exp (K)) was a theo-
retical asymptotic maximum value of tumor
mass, and (1 — exp (— kt)) was an expression
for the changing growth rate at time t. Sensitive
and resistant tumor cell populations were as-
sumed as before, with the additional assumption
that the growth rate of the resistant population
decreased with time.

The data from each patient were evaluated
using both models. A computer program was
used that could find the values for «, 8, and p
that would generate the double exponential
equation with the best least-squares fit to a
patient’s data. The tumor halving-time was ob-
tained primarily from the regression portion of
the data curve and the tumor regrowth parame-
ters primarily from the relapse portion, while
estimates of the initial fraction of resistant cells
required knowledge about both portions of the
data curve. The criteria for the quality of fit was
the sum of the squares of deviations (SSDs) of
the calculated values from the observed values.
Those values producing the minimum SSD be-
tween a patient’s data and the double ex-
ponential equation were used to define the cal-
culated tumor mass curves such as those
illustrated in Fig. 2. The values for the parame-
ters of the exponential-Gompertzian model were
obtained in an analogous fashion, although a
fourth parameter, for growth rate inhibition,
was also calculated for this equation. Tumor
halving-times were also calculated for all
patients on whom the M-component dis-
appeared from the elecirophoresis strip; how-
ever, since most of these patients died before the
relapsing growth kinetics could be defined, their
halving-times were analyzed separately. In these
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Fi. 1. Hlustration of the two mathematical models used in the analysis of myeloma patient data.
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Fic. 2. Curves calculated from serial measurements of tumor mass in eight patients using the double
exponential model. Fig. 2h (dotted line) illustrates the curve calculated for one patient using the ex-
ponential-Gompertzian model. Abscissa indicates months of treatment and ordinate is percentage of

pretreatment tumor mass.
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patients it was not possible to compute doubling-
times or the initial fraction of resistant cells.

REsULTS

The usual pattern of tumor mass change was
a decrease in tumor mass with therapy, followed
by a brief constant level during remission before
progressive relapse with recurrent tumor
growth. Forty of the 61 patients were considered
responsive because they achieved a reduction of
myeloma protein production rate to less than
25% of the pretreatment values;'"® the remain-
ing 21 were considered unresponsive. The me-
dian tumor halving-time was 1.2 months for re-
sponders and 3.8 for unresponsive patients. By
the Mann-Whitney U test, this difference was
statistically significant (p < 0.01). During re-
lapse, the median tumor doubling-time for re-
sponders was 2.9 months; for unresponsive
patients, the median tumor doubling-time was
6.9 months. This difference was also statistically
significant (p < 0.01). Table 1 summarizes the
findings calculated from our models.

In responding patients, the duration of a con-
stant tumor mass during remission was defined
as the period after maximum reduction that the
serum myeloma protein production rates rose
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from the lowest value by less than an amount
equal to 10% of the pretreatment value. In only
11 of the 33 responding patients with both a
regression and relapse phase was the tumor
mass constant for longer than 6 months. The
period of constant tumor mass for the seven
patients who died in remission could not be
determined. In all of the remaining patients, the
myeloma protein production rates increased by
more than 10% of the pretreatment value within
6 months of the lowest tumor mass measure-
ment. For non-responders, a steady-state tumor
protein production rate was encountered more
frequently. Ten of the 21 non-responding
patients had a period of 6 months or longer
where there was no apparent change in tumor
mass.

Both mathematical models conformed well
with the data. There were no statistically signifi-
cant differences between the results obtained
with either model. However, in 51 of 54 patients
with both a regression and relapse phase, the
double exponential model gave a smaller error.
In the remaining three patients, the exponential-
Gompertzian model was superior. Figure 2 ex-
hibits calculated curves using the double ex-
ponential model for eight representative
patients. In addition, Fig. 2h shows the curve

TasLe 1. Kinetic Parameters Calculated for Patients with Multiple Myeloma
Tumor  Tumor halving time Tumor doubling time Percent resistant
Protein mass (months) (months) cells
type grade Median Range Median Range Median Range
Responding H 0.811 0.3-3.8 2.7 0.5-5.4 0.2 0.00001-5.0
patients with G I 1.5 0.3-5.2 6.9 0.8-10.5 1.2 0.0001-10.0
both regression L 1.1 0.4-5.2 2.19 1.4-9.9 0.08  0.00001-11.0
and relapse phases  ToraL G 1.3 0.3-5.2 3.01 0.5-10.5 0.28  0.00001-11.0
N =33 H 0.60 0.39-2.8 3.0 0.5-35.0 0.28 0.0001-34.0
A I — — — — — —
Responding L — — — _ — _
but with ToraL A 0.60 0.39-2.8 3.0 0.5-35.0 0.28 0.0001-34.0
disappearing ToraL G
peaks and A 1.2 0.3-5.2 29 0.5-35.0 1.3 0.00001-34.0
N =7 1.9 0.9-2.8 — — — —
Total
responding 1.3 0.3-5.2 2.9 0.5-35.0 1.3 0.00001-34.0
N = 40
H 3.8 1.2-17.0 6.3 0.7-37.0 7.8 0.8-35.0
Non-responding G I 2.8 1.3-11.8 13.0 1.4-50.0 4.0 0.05-48.0
patients L 8.0 1.2-17.3 3.0 0.7-50.0 5.0 0.1-48.0
N =21 ToraL G 38 1.2-17.3 6.0 0.7-50.0 5.0 0.05-48.0
H 2.3 1.2-6.9 6.4 4.6-7.0 1.6 0.1-3.0
A 1 4.6 46.0 .25
L —_— — .
TotaL A 31 1.2-6.9 10.0 4.6-46.0 1.4 1-3.0
TotaL G and A 2.8 1.2-17. 7.0 4.6-46.0 0.329 1230
Total non-responding 3.8 1.2-17. 6.92 0.7-50.0 4.0 0.1-48.0
N =061 Total for all patients 1.92 0.3-17.3 4.0 0.5-50.0 298 0.00001-48.0
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obtained from the exponential-Gompertzian
model (dotted line) for a patient with an appar-
ent slowing of tumor growth rate during relapse.

Further analyses were conducted of the rela-
tionship between the calculated tumor-halving
times, the tumor doubling-times, and the initial
fraction of tumor mass considered resistant to
chemotherapy. Using either model, the higher
the pretreatment percentage of resistant cells,
the longer the tumor doubling-time. (Bivariate
Pearson correlation coefficient p = 0.67, p <
0.01 for the exponential-Gompertzian model).
There were no statistically significant correla-
tions between the tumor mass halving-times and
either the doubling times or the initial fraction of
resistant cells, using either model. There were
no statistical associations between protein type
(IgG or IgA) and the kinetics of tumor reduction
or regrowth. There were no significant differ-
ences in the halving-time between those re-
sponding patients whose M-component dis-
appeared and those responding patients whose
tumor mass was followed continuously through-
out the course of the disease. However, the halv-
ing-times in patients with disappearing peaks
were among the most rapid halving-times ob-
served. Using the Myeloma Staging System pro-
posed by Salmon,® there were no statistically
significant associations between the absolute tu-
mor cell numbers and the parameters of tumor
reduction and regrowth. There were no statis-
tically significant associations between the ini-
tial clinical tumor mass grade (‘“high”, “‘inter-
mediate”, or “low”)* and either the halving-
times, the doubling-time, or the initial fraction
of resistant cells. Patients with a clinically estab-
lished “‘high” tumor mass and a rapid doubling-
time or those with a clinically ““low” tumor mass
but a slow doubling-time indicated the extremes
of growth encountered in our analyses.

DiscussioN

This study evaluated tumor growth patterns
in a large number of treated patients with mul-
tiple myeloma. Only patients who had multiple
sequential determinations of myeloma protein
production rates, while receiving a standard
program of treatment with intermittent courses
of a melphalan-prednisone combination, were
included. In an attempt to obtain representative
data, patients were excluded for reasons of death
within 6 months, insufficient numbers of mea-
surements, or an interruption of their initial
treatment program. Thus, a consecutive series of
patients were studied who had serial assess-
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ments of tumor mass and were following a
standard program of treatment.

The myeloma protein production rate was
used to assess the changing tumor mass. The
tumor mass was calculated from the serum mye-
loma protein concentration on electrophoresis,
the assumed catabolic rate of myeloma protein,
and the plasma volume.? Since the plasma vol-
umes were estimated in many patients from the
hemoglobin and body weight, an overestimate of
the tumor halving-time and an underestimate of
the magnitude of tumor reduction was probably
calculated in some patients with a markedly
elevated pretreatment plasma volume. However,
the differences resulting from measured vs esti-
mated plasma volumes were not considered
large enough to affect the findings in more than
a small fraction of patients, leaving the principal
conclusions essentially unaltered.

We assumed that alkylating agents produced
a constant fractional kill of sensitive cells regard-
less of the absolute cell number. Other studies in
human myeloma have demonstrated similar re-
sponse rates for groups of patients with different
tumnor loads, supporting the hypothesis of a con-
stant fractional kill of malignant cells.’”® Exten-
sive studies in a variety of animal tumors also
justify this assumption.

The course of the disease usually observed
was an initial rapid decline in myeloma tumor
mass as a result of successful treatment, followed
by a later relapse as an ever-increasing tumor
load developed despite continued courses of
therapy. Two simple mathematical functions,
one assuming an exponential fall and regrowth
and the other an exponential fall but a Gompert-
zian regrowth, fitted our data closely. More
elaborate functions, such as one incorporating
parameters to account for non-steady state
changes in myeloma protein metabolism per the
first order differential equation suggested by
Sullivan and Salmon,” may have reduced the
possible overestimation of tumor halving and
doubling times in our results due to the simple
exponential functions we used to describe tumor
regression and regrowth. Similarly, it is possible
that the use of mathematically more complex
functions may have produced a smaller error
term between the model and the observed data.
However, our goal was to accurately describe
the observed tumor regression and regrowth
data using a very simple but biclogically consist-
ent model. We found the concept of summed
exponential functions sufficient for this purpose.

A computer program was used that could find
values for @, 8, and p that would generate the
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double exponential equation with the best least-
squares fit to a patient’s data. Values for the «,
p, & and K of the exponential-Gompertzian
model were similarly obtained. Both mathe-
matical models described the tumor mass
change with treatment by an exponential de-
cline with a rapid halving-time (median 1
month) suggesting that in some patients a large
portion of the tumor cell reduction may have
resulted only from the first course of therapy.
This substantial antitumor effect with the initial
treatment may explain the similar response
rates for patients treated with intermittent
courses of melphalan,’”® in comparison with
those who received an initial loading dose fol-
lowed by a continuous regimen.™ Some re-
sponding patients responded very slowly, re-
quiring up to 18 months to achieve a 75%
reduction in myeloma protein production rates.
Patients who required many months to achieve
remission may have had a slower growth rate for
their resistant cell population, an occurrence
-that may have contributed to the longer survival
times of some slowly responding patients.***

Indefinite treatment with a specific drug com-
bination, after all cells sensitive to that therapy
have been eliminated, may be unjustified. As-
suming that about 10** myeloma cells were pres-
ent in a typical patient with untreated mye-
loma,® that each course of therapy removed the
same proportion of susceptible cells,’*?* and
using a median tumor halving-time for sensitive
cells of one month, the projected maximum time
for the elimination of all sensitive cells would be
about 3 years. Individual measurements of tu-
mor halving-times might contribute toward the
more rational planning of the duration of alky-
lating agent therapy for each treated patient.
Responding patients with a rapid tumor reduc-
tion may require shorter terms of melphalan-
prednisone maintenance therapy than patients
with longer halving-times. These observations
have major implications on the development of
treatment protocols with more individualized
durations of alkylating agent maintenance treat-
ment.

Salmon used the regression portion of the
growth curve of human myeloma under treat-
ment to deduce a Gompertzian model for the
kinetics of this disease.” % Essential to this
work was the concept that the tumor growth
rate decreased with increasing tumor size in a
manner similar to that described for some ani-
mal tumors.** According to this model, as tu-
mor size decreased with repeated courses of
therapy, an increased tumor growth fraction de-
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veloped which balanced the effects of treatment
so that the tumor mass remained constant for
prolonged periods (i.e., in a plateau phase).”

We confirmed patterns of myeloma tumor
mass reduction similar to those described by
Salmon.? However, a constant tumor mass of
long duration during remission was uncommon
in our patients. Only 10 to 33 responding
patients with both a regression and relapse
phase had an unchanging tumor mass for 6
months or longer. Most of the remaining
patients had unequivocal evidence of relapse
within several months after achieving their low-
est tumor masses.

The reduced efficacy of therapy with time
could be explained by an increasing fraction of
resistant cells. Our arbitrary separation of mye-
loma cells into two subpopulations, one resistant
and one sensitive, must be considered figurative
since a spectrum of cell sensitivities is more
likely.” Yet our simple two population model
provided a reasonable approach for interpreting
our data. According to our model, the tumor
mass halving-time corresponded with the reduc-
tion rate of sensitive cells, and doubling-time
during relapse corresponded with the growth
rate of resistant cells. During the brief inter-
vening period of nearly constant tumor mass,
our model suggested that an approximately
equal mixture of both cell types was present.

In many tumors in which growth kinetics
have been studied, including rodent myeloma,
tumor growth rates have decreased with increas-
ing tumor size.*'**# In our investigation of
human myeloma, only the resistant tumor cell
population could be evaluated for the presence
of tumor-load-dependent growth-rate inhibi-
tion. Of the 61 patients studied, only three dem-
onstrated growth-rate retardation during re-
lapse with the exponential-Gompertzian model
providing a closer approximation to the data
than the double exponential model.

If absolute tumor size accounted for the retar-
dation of tumor cell growth, responding patients
who presented with lower numbers of myeloma
cells might have had a more rapid doubling-time
than those with larger tumor cell numbers. Yet,
there was no relation between the absolute tu-
mor cell mass and the doubling-time. Some
patients with indolent myeloma and low initial
tumor mass showed no growth for extended pe-
riods, while others with more extensive disease
showed rapid growth. Until chemotherapy pro-
grams are developed that are capable of produc-
ing more marked degrees of tumor reduction,
along with techniques for detecting very low
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levels of serum myeloma globulins,* differences
between purely exponential and growth-rate in-
hibition models for the clinical phase of mye-
loma growth will not be readily apparent. Since
human myeloma is not detected until the tumor
clone has grown to about 10 cells, models
based on data that span less than two decades of
tumor growth must remain speculative in regard
to kinetic behavior during the 11-12 decades of
tumor expansion during the pretreatment
phase.

Evidenced by the longer duration of a nearly
constant tumor mass in patients who did not
achieve remission, our data suggested a differ-
ence in the rate of tumor growth between re-
sponding and non-responding patients that was
related to the fraction of resistant tumor cells.
Longer tumor doubling-times were associated
with a higher pretreatment fraction of resistant
cells, This association could be also explained
by an inhibition of growth rate as a function of
increasing size of the resistant population.®

Fic. 3. Hypothesized
growth curves of human
myeloma illustrating dif-
ferences in the duration
of the preclinical period
between  pure  ex-
ponential growth and
Gompertzian growth.
This diagram also illus-
trates the relative
changes in tumor mass
during the preclinical
phase vs the clinical
phase of human mye-
loma.
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However, when we utilized the exponential-
Gompertzian model, which includes a term al-
lowing for size-dependent growth-rate inhibi-
tion, this correlation between the doubling-time
and fraction of resistant cells was even more
pronounced.

However, as illustrated by Fig. 3, large differ-
ences between exponential and exponential-
Gompertzian growth would not be readily ap-
parent over the one decade range of tumor
growth for which data are usually available.
Even though exponential growth conformed
with the data as well as Gompertzian growth, it
is probably not an adequate model for the entire
myeloma growth curve. Based on animal data,
the growth kinetics of human myeloma are likely
better described by a growth-rate-retardation
model such as the Gompertzian model proposed
by Salmon (Fig. 3).17- 1%

From this we believe that the evolutionary
period for human myeloma is much less than the
exponential extrapolation of 20 years proposed
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by Hobbs,* ' and closer to a 2- to 5-year period
of Gompertzian growth as suggested by
Salmon.’ * From a simplistic extrapolation
from our tumor doubling-time of approximately
2 months, about 80 months at most would be
required to produce 10" cells from a single cell.
More exact estimates await those refinements in
myeloma treatment and detection techniques
that will close the gap between hypothesized
growth and measured tumor mass kinetics.

In summary, the mathematical models de-
scribed in this paper closely conformed with
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serial observation of myeloma tumor mass made
during the clinical phase of the disease. As evi-
denced by concordance with observed serial tu-
mor mass measurements, our results were com-
patible with the concept of ‘‘sensitive” and
“resistant’” tumor subpopulations in patients
with multiple myeloma. Further exploitation of
this approach, coupled with more sensitive elec-
trophoretic techniques to detect low tumor mass
levels, may provide a basis for future improve-
ments in the understanding of myeloma growth
kinetics.
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