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Testicular carcinomas, pediatric tumors, and some mesenchymal tumors
are examples of rapidly proliferating cell populations, for which the tumor
volume doubling time (TVDT) can be counted in days. Cancers from the
breast, prostate, and colon are frequently slow-growing, displaying a
TVDT of months or years. Irrespective of their growth rates, most human
tumors have been found: to start from one single cell, to have a long
subclinical period, to grow at constant rates for long periods of time, to
start to metastasize often even before the primary is detected, and to have
metastases that often grow at approximately the same rate as the primary
tumor. The recognition of basic facts in tumor cell kinetics is essential in
the evaluation of important present-day strategies in oncology. Among the
facts emphasized in this review are: @9reening programsvost tumors

are several years old when detectable by present-day diagnostic methods.
This makes the term “early detection” questionable. (Bpal trials. The
importance of so-called doctor’s delay is often discussed, but the prog-
nostic value of “early” detection is overestimated. @)alyses of clinical

trials. Such analysis may be differentiated depending on the growth rates
of the type of tumor studied. Furthermore, uncritical analysis of survival
data may be misleading if the TVDT is not taken into consideration. (4)
Analyses of epidemiological datH.causes of malignant tumors in hu-
mans are searched for, the time of exposure must be extended far back in
the subject’s history. (SRisk estimations by insurance compankes:. the
majority of human cancers, the 5-year survival rate is not a valid mea-
surement for cure. Thus, basic knowledge of tumor kinetics may have
important implications for political health programs, legal trials, medical
science, and insurance policies.
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INTRODUCTION: ON THE GROWTH RATES tumors (in the thymus or in the pineal gland) [12]. Het-
OF HUMAN MALIGNANT TUMORS erogeneous clones are likely to occur later during the

The purpose of this review is to consider the groégisg ?t?i: frtjlvit(lejvrxrl1 Z;ows most human malignant tumors
growth rate of various human malignancies, as studied in ! 9

their hosts. It does not deal with experimental tumors rgﬂg?nétyfhagst.rﬂg (\;\]/chg_r; Cri?s“':salI)t/hgreetfeoiteab(ljeo.ezorlm)cl)_t
vitro or in animals, since their relevance for human spoﬁ- iy : 1agnosis, '

taneous malignancies is questionable. Nor does it d glntradlct a monoclo_nal ongin- T_he t“”?Of cell popqle}-
with experimental studies in humans (i.e., labeling ind 1on has had ample time to diversify during the preclini-

ces, incorporation of radio-labeled nucleotides, immun8§jII period. To make a comparison, every newborn being

logical markers), since these studies do not take cell Io Spolyclonal, but its origin (the fertilized egg) is mono-

(mainly through apoptosis) into consideration [1]. clonal. Attempts at disapproving monoclonality of origin

In this review, the growth rate is defined as the rate ¢ C"’.“Cﬁ' tumors always will be hamp_ereq l_ny the fact
increase in volume (or the number of cells) in relation t at diagnosable wmors are not at their origin.
time. This review is based on studies in >2,000 indi- Cell Kinetics
vidual cases, with a total of >6,000 observations of the

growth rate The first tumor cell multiplies exponentially with time:

1-2-4-8-16-32, and so forth. If the tumor cells have a
Collection of Information diameter of 1Qum, the clone will have reached a volume

of (1L cm? after 32 cell generations. If the tumor cells are

_The database Medline was searched back to the be-,m in diameter, 26 doublings are required to reach
ginning of 1966. Search words were the same as in thigyt volume. At that size, it consists of %@ells. For
review. Articles prior to 1966 were identified throughygicylations of growth curves in this review, the follow-
perusal of the reference lists from the articles found. j,q simplifications are made: tumor cells have a diameter

Reports on individual cases, or cases with uncommeii' wm (10 meters), macroscopic tumors consist of
or unclear histology, or cases with only a few observggmor cells only, and the tumor cells are densely packed
tions were excluded. Examination methods other thgg completely fill the sphere.
radiological (which allow repeated measurements from a ¢ the growth of a tumor is plotted against time, the

sin.gle obse'rvation) also h_ave been excluded. All othgf, e depicted in Figure 1A is obtained. The curve in
articles are included. Special focus was placed on repogigyre 1A gives the impression that a tumor doubles its
dealing with cancer of the breast or lung. Whenever the)|ume at accelerating speed.

suspicion arose that the same patient cases had been pubie increase in the number of cells in a tumor is de-

lished more than once, that particular clinical material {&mined mainly by three principal parameters [13]: (1)
referred to once only. Studies on the growth rates gfe cell cycle time of the proliferating cells, (2) the frac-
human tumors based on indirect methods, such as Mgy, of cells proliferating, and (3) the amount or fraction
toring of serum markers, are to be the subject of a futugg spontaneous cell loss. The spontaneous cell loss in
report. vivo may be as high as 50% [13] in each cell cycle or
even higher [14] and is therefore of profound importance
BQSE;E?;%D for the growth rate. Refsum and Berdal [14] calculated
the cell loss in 61 cases of oropharyngeal cancers to be as
A primary tumor starts from one single cell, in thehigh as 96%, explaining the slow increase in net volume.
same way that all human beings originate from a single Related to time, the net growth of the tumor volume is
cell, the fertilized egg. The notion that a tumor develogsirly exponential during the visible stage [15-34]. Plot-
from a single cell (monoclonality) was anticipated byed on a semilogarithmic scale, it is linear. The inclina-
Virchow in 1862 [2]. A century later, in 1962, Walden-tion of the slope may be called the tumor volume dou-
strom [3] gave the hypothesis support from studies doling time (TVDT). This is shown in Figure 1B.
human multiple myeloma. Today, monoclonality has The growth curve in Figure 1B is identical to that in
been shown for the majority of human tumors [4-7Figure 1A, except that the size of the tumor has been
Also multicentric tumors, such as cancer of the bladdgiven not as the diameter (in centimeters), but as the
[8] or of the breast [9], have been shown by modemumber of cells on a logarithmic scale. In this review,
methods in molecular genetics to be originally monocldinear growth is defined as a constant increase of tumor
nal. volume on a logarithmic scale, in relation to time.
Even tumors in paired organs, such as the testes, seem
to stem from one basic genetic alteration during embryo- Growth Curves
genesis [10,11]. The same genetic alteration also appeardn early contribution to the theory of growth curves
to be the underlying cause of extragonadal germ celas made by Gompertz in 1825 [35]. There are other
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Fig. 1. A. Gross growth rate of a tumor. Abscissa: number of ce
divisions. Ordinate: tumor size (diameter in centimeters). Note tt
number of cell divisions required for the tumor to reach diagnosti.
level (0.2-1 cm in diameterB. Gross growth rate of a tumor. Ab- ] ) )
scissa: number of cell divisions. Ordinate: number of cells (logarithmfdg. 2. Growth rates for three different tumors. Abscissa: time
scale). Growth rates are identical in A and B, but the units on tHgears). Ordinate: number of tumor cells (logarithmic scale). The di-
ordinates are different. It takes more than 30 doublings for the tumagnostic level (10-1C cells), and the lethal burden (¥610" cells,
cells to reach a population size of9i¢ells. At that point the tumor has or 1 kg — 10 kg) limit the visible phase of a human tumor. The three
a diameter of 1 cm and weighs 0.52 g. With a tumor volume doublirigmors have been given tumor volume doubling times of 10, 100, and
time of 150 days and assuming a constant generation time, the turddP days, respectively. Symbols: ----=invisible phase (extrapo-
is then12 years old. lated); = visible (and measurable) phase; ----=- estimated
asymptote. The number of cells is assumed to be produced by the
primary tumor alone. If the addition to the total tumor burden from the

mathematical models useful for studying tumor growtfjetastases is also included, the curve approaches a straight line.

as well [36—39]. Most growth curves are characterized by

an upper horizontal asymptote. For human malignant ttests such as the tumor marker prostate specific antigen

mors, this upper horizontal asymptote is the upper limiPSA) for cancer of the prostate [40].

that the cancer cannot exceed because the tumor burden o

has become lethal to its host. This limit has been termed Cellular Origin of Metastases

the “lethal burden,” and is illustrated in Figure 2. The Metastases also can be assumed to start from a single

period during which human tumors are measurable #2ll, or a small complex of cells. The TVDT of a sec-

vivo is that above the detection level (Fig. 2). ondary tumor has likewise been found to be constant
The growth curves in Figure 2 were obtained in thguring the first part of the visible phase and thus linear on

following way: the slope of the linear growth curve wag, semilogarithmic scale. Therefore, determinations of the

calculated for three different arbitrary TVDTs (10, 100TVDT of a secondary tumor followed by linear extrapo-

and 150 days). Each curve was then inserted as a straigkibn back to the one-cell origin may allow estimation of

line in the interval from 18 to 10'* cells (measurable the starting time of that secondary tumor.

phase). This is the interval in which human tumors are

measurable and where linear growth has been found to REVIEW STRUCTURE: METHODS

occur. Each curve was then extrapolated back to the one- AND RESULTS

cell origin and adjusted in relation to time. From'3@  Thjs review summarizes some of the available infor-
10'% cells, the estimated asymptote was then added. mation under the headings Methods and Results. Meth-
It may be argued that since the growth rate of tumoggys includes: radiological methods, methodological er-
during the preclinical period is not known, extrapolationgys in radiological determinations of tumor volumes,
back to the one-cell origin are uncertain. For the growitp|lylar composition of macroscopic tumors, radiological
rate of a tumor during the preclinical period, three theqayels of detection, errors in calculations of TVDTs, and
retical possibilities exist: (1) it can be faster than, (2) Krrors in extrapolations. Results includes: historical back-
can be identical to, or (3) it may be slower than thground, linearity of growth, studies on cancer of the
growth rate during the visible phase. Facing these thrggeast, lung, and pulmonary metastases, relation between
poss_|b|I|t|es, thg present authors have chqsen the intg{a growth rates of a primary tumor and its metastases,
mediate one £ identical growth rate). In Figure 2, the\yhen cancers start to metastasize, and clinical support for

mary tumor.

In the clinical setting, a tumor with a volume of 1 Methods
cubic centimeter%10° cells) is regarded as relatively Radiological. The TVDT of various untreated solid
small. It is at this size that a tumor may give rise to thmalignant human tumors has been the subject of several
first symptoms. It is also at this size that a tumor mastudies. Usually, serial radiograms have been the method
become detectable on palpation, or by use of laboratasf choice. The growth rates of primary cancers of the

Time (years)
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breast can be directly observed with mammograph '}
Likewise, the growth rates of primary cancers from th
lung can be directly followed from serial X-ray exami- 107
nations of the chest. /
Methodological errors in diagnostic radiolo- 2 . Visible phase
gy. The exact measurement of the volume of tumor8 107 /i
from radiograms can be difficult to ascertain. Irregula"é 47’
shape, unsharp boundaries, and inhomogeneity are scg 104 /|
of the major obstacles. In a careful analysis of the po:g ,’/ ,'
sible errors, Brenner et al. [24] concluded that the metl& , /,/ ) Invisible phase
odological error for a single determination amounted t 104 L7 !
+11% of the volume. A _-"8, ¢
Cellular composition of macroscopic tumors. W == i : :
Macroscopic tumors are not composed of cancer ce 0 5 10 15 20

alone. Stroma, vessels, blood, and other nonneoplas
elements contribute to the volume. It can be assumeu,
however, that for a given tumor, the proportion of negig. 3. Hypothetical growth during the preclinical phase. Abscissa:
plastic to nonneoplastic cells remains constant durim'ﬁye (vears). Ordinate: number of tumor cells (logarithmic scale). A.
long periods of growth. If a macroscopic tumor with %ngle(;ﬁ%eﬁg)ual to. C. Faster than during the measurable phase (2 x
diameter of 1 cm consists of tumor cells alone, it mus '
have gone throughBO doublings from the first cell. If
the tumor consisted also of 50% nontumorous cells, pbssible errors in determination of tumor volume. An
would have reached 1 cm in diameter in 26 doublings efror by a factor of 2 is compensated for by one single
tumor cells. Thus, even a 1:1 proportion of tumor cells teell population doubling. An error by a factor of 100 is
nontumorous cells has only a marginal influence of theompensated for by only 6.75 doublings. Thus, even a
tumor volume on the time scale. rather large error in measurement and calculation of the
Radiological levels of detection. The crucial point volume leads to a much smaller error in the estimation of
is the minimal detection level of radiologists. This waghe duration. Any inaccuracy in determination of growth
experimentally tested by Spratt and coworkers [17], wirate at worst only produces a scale error not affecting the
placed lucite balls having a radiopacity approximatingrder of events.
that of solid tumors and ranging in diameter from 1.6 to If the point of origin (= the first cell) is obtained by
12 mm randomly upon the posterior and anterior thoraxtrapolation backward in time, the position of that point
of patients. Radiographs were taken and examined by the time scale will depend on whether extrapolation
group of radiologists. The conclusions were: “Radiolostarts from the linear visible phase (2 x“10 10'%), or
gists could distinguish 10-12 mm diameter balls regarttom the brief asymptotic phase. In this review, all ex-
less of their location; 6 mm balls could be detected wherapolations were performed from the visible phase, as-
the shadow was in a favourable site, and 3 mm shadoswgming a constant growth rate.
could only be found when the radiologist was shown All estimations of the duration of the preclinical period
precisely where to look. Radiopacities smaller than 3 mare handicapped by the fact that the growth rates are not
were indistinguishable.” For mammography, the lowednown. Comparisons to experimental tumors in animals
level of detection is stated to be 2.1 mm [41]. or in vitro situations are questionable and are, therefore,
Errors in calculations of TVDT. The basis for this omitted here.
calculation has been clearly stated by Shackney et alAs noted earlier, three theoretical possibilities exist for
[42]: “Because the number of cell doublings in the sulthe growth rates of spontaneous human tumors during the
clinical stage of growth is so large, any error in calcupreclinical period: slower than, equal to, or faster than
lating the doubling time that might be introduced byluring the visible and measurable phase (see Fig 3). In
underestimating tumor size at diagnosis would be relehoosing between the three possibilities, the present au-
tively small. For example, if the tumor at diagnosis corthors have selected linear growth. Thereby, we base our
sisted 6 1 x 10 cells (= 100g of tissue) instead of 1 xassumption on what can be observed, trying to minimize
10° cells (= 1g), the actual number of doublings wouldspeculations.
be a little more than 36 instead of 30, introducing an error Evidence has been presented supporting slower
of little more than 20% in the doubling time calculagrowth rates, as well as faster growth rates during the
tion.” preclinical phase. Slower growth rates (curve A in Fig. 3)
Errors in extrapolations. The nature of exponential may occur during a period prior to the production of
growth places a practical limitation on the magnitude @fhgiogenetic factors by the tumor cells. During this

Time (years)
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quiescent period, the generation of new cells is counte 10"
acted by the loss of cells through apoptosis, resulting 1
a slow or no net increase in the volume of the tumor [1 .
Evidence for faster growth rates during the preclinic% 10

phase (curve C in Fig. 3) is based on indirect calculatiol® 4
[41]. The reader is referred to Steel and Lamerton [372 ;55
Dethlefsen et al. [38], and Steel [39] for a more detaileé

discussion of these models and on the possible errors2

extrapolations from growth curves. 10°
Results 10° _F»
Historical background. The first observations were o 10 20 s 40 so
made by Collins et al. [15], who studied the growth rate Time (years)

of pulmonary metastases from a variety of primary tu-

mors. Their initial studies resulted in the identification ofig. 4. Growth rates for 12 cases with primary cancer of the breast.
three fundamental principles for the growth rate of his?SR =, Ime, Ordnate numver ol tuor eele (ogriime scal).
man tumors: (1) it is constant for long periods of time, (Z)bservation. Dotted lines mark the invisible phase. Modified from Von

it is often slow, and (3) it varies from one histo|ogicaFour_nier et al. [32] with the kind permission of Lippincott-Raven
type to another. These three principles have been repdaf2ishers:

edly confirmed [15-26,28-30,32—-34].

Wilms'’ tumor [42], acute leukemias [43], and nonsem{years) for all cases. One patient was examined radio-
inomatous germ cell tumors (NSGCT) [15,20,22,23,44dgically 11 times during a 44-month period. All mea-
are examples of rapidly (a TVDT of days) proliferatingsurements of tumor volume fell on a straight line (on a
cell populations. Most adenocarcinomas and some mésgarithmic scale).
enchymal tumors have considerably slower growth ratesFujimoto et al. [46] studied cases with renal cell car-
(a TVDT of months or years) [15-26,28-30,32—34,45]cinomas. In six cases, the primary tumors were followed,

Linearity of growth. Linearity of increase in vol- and in 12 (different) cases metastases to the lungs were
ume on a logarithmic scale has been observed for severainitored. The growth rate showed great interindividual
types of human malignancies. In many instances, lineaariability, but in each case the growth rate was constant
ity has been maintained during several years and widluring the observation period. In one case, linearity of
numerous observations. Examples of linear growth ageowth was noticed for all seven measurements during a
given later in this review. Some representative cases haexiod of 6 years.
been selected as illustrations. Selection criteria were: (1)A remarkable case was published by Spratt and Ack-
numerous determinations of tumor volumes (usualgrman [45]. They were able to follow a patient with a
more than four), (2) observation of growth rates ovewell-differentiated adenocarcinoma of the colon for >7.5
long periods (years), (3) well-defined histology of tuyears. All of their nine observations on the growth rate
mors, and (4) no local or general treatment. The first twfell on a straight line.
criteria were utilized to minimize methodological errors Numerous examples of cases displaying linear growth
in extrapolations. From the references in this review, ware found below. However, exceptions to linear growth
found 58 untreated tumors that where measured mae common. Spontaneous regression, no growth, irregu-
than four times during at least 3 years. Of those tumolay growth rates, and accelerations of growth can all oc-
58 show linearity of increase in volume. cur. Even so, the general impression remains that most

Von Fournier et al. [32] were able to follow 12 womerhuman malignancies grow at a slow and steady rate for
with untreated cancer of the breast for 3—9 years with fileng periods of time during the clinical (and measurable)
or more mammograms in each case: all tumors showeglzase.
linear increase in volume during the observation period. Studies on TVDT of cancer of the breast. Figure 4
Garland et al. [18] studied primary pulmonary malignarshows the growth rates for 12 primary cancers of the
cies in 41 patients over several years and noted lindaeast. All cases were untreated, and each patient was
increase in volume. In one case, linearity was maintainegamined radiologically at least five times. The observa-
for 9 years. Spratt et al. [19], studying 118 cases wition period ranged from 2 years to 9 years. The curves
pulmonary metastases from various primary tumors, obave been adjusted to the one-cell origin, which arranges
served linear increase in volume with multiple measuréie curves in a “fanlike” fashion. Figure 4 shows the
ments for many years. Breur [22,23], studying 16 casgseat interindividual variability of the growth rates for
of pulmonary metastases from mesenchymal malignadifferent cancers of the breast, with TVDTs ranging from
cies, noted linearity during the whole observation peric®@8 days to 523 days. The average doubling time is 280
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TABLE I. Growth Rates for Cancer of the Breast When comparing the TVDT in individual patients,
Estimated TVDT Number of con5|derable_d|fferences are found (see Fig. 4). However,
(days) cases studied References relevant stud|e§ give results of the same order of magni-
tude as the estimated TVDT of cancer of the breast, as
109 199 Kusama et al. [47] in Table | In the fi blicati listed in Table |
150 200 Peer et al. [48] seen in Table I. In the five publications listed in Table I,
174 122 Kuroishi et al. [49] the TVDT values center around 180 days. The exact
212 147 Von Fournier et al. [32] median TVDT from the five publications in Table | can-
2710 158 Arnerlov et al. [50] not be calculated, since the data presented are not always

aTumor volume doubling time. The median TVDT for these caseéomplete, and they are also presented in various different
cannot be calculated (for explanation, see text). The estimatgganners. So-called interval and inflammatory cancers,

weighted median value iS50 days. The range varies from 30 daysyhich are fast-growing, are omitted by some authors
(46) to infinity (49). The range is illustrated in Figure 4. '

oMedian since these tumors are not measurable on mammograms.
cGeometric mean. Hoyvever, cancers npt shovying any increase in size at all
dArithmetic mean. during the observation period (TVDE >5,000 days)
“Four cases with infinite growth have been excluded. are also excluded by some authors. The proportion of

. ) fast-growing cancers to nongrowing cancers cannot be
days, which means that >18 years were required from thgyc, ated from data in the literature because definitions

first tumor cell €10 um in diameter) to produce a tumory¢ «tast” and “slow” vary from one author to another.

with a diameter of 2 mmsthe lowest detection level). 1 .o he assumed to be in the same order of magnitude.

The curves in Figure 4 were redrawn from the study By i therefore likely that the two categories “fast” and
von Fournier et al. [32]. In that study there was no COlrs1ow,” when excluded, to some extent compensate

refltar:lon btgtwte:e{\t:]hetgrom?égte of t_he 1c_ar1]nc|er an(: the th other when the median value of TVDT is estimated.
ot the patient at the ime of diagnosis. Tne IOWest age @iy, o35 gl doublings are required for the first malig-

a patient when a cancer was detected was 36 years. . . X
cancer had a TVDT of 196 days, indicating that it starteag t cell to reach a population size with a volume of 1

to grow when the patient wa0 years old. The highestcmB’ a cancer of the breast with a TVDT of 150 days has

age of a patient at the time of diagnosis was 70 yeal"”‘sn age of 12 years or more when discovered clinically by

That cancer had a TVDT of 297 days. The smallest ggalpation.

tectable cancer had a diameter of 2 M@ cells). The The smallest cancer of the breast detectable by mam-
largest cancer that was measured had a diametedof mography measures 2.1 mm [41]. With a TVDT of 150

mm (=101 cells). The fastest growing cancer had gdays, such a cancer has an age of 8 years and it consists

TVDT of 88 days, and it was detected in a woman wheff L0’ cells.
she was 55 years old. It was observed for 4 years withStudies on cancer of the lung. The growth rates of
five mammograms. The slowest growing cancer hadPimary cancer of the lung have been the subject of sev-
TVDT of 521 days, discovered in a woman when she wasal stut_j|es. Ho_wever, not _aII of these Ienq themselves to
60 years of age. It was observed for 8 years with eighPmparison, since the histopathology is not always
mammograms. given. Some of the studies on histologically better de-
Table | gives a summary of TVDT for cancer of thdined primary carcinoma of the lung are listed in Table I,
breast, as measured from serial mammograms. The Tafich summarizes 12 of the largest studies on cancer of
is based on observations from >800 patients. All patierffze ung.
were untreated. Detailed information of the histological Table Il is based on >300 untreated cases. The histol-
classification is usually not given. Many of these patien@gy of the tumor was often determined at autopsy. The
were followed for several years and subject to repeatBdmber of observations of the volume of the tumor is at
mammograms. All tumors had diameters between 2 nigast 2, and in many cases 5-10. Several of the patients
and 10 cm. In this range the growth can be expected toWwere observed for years, or almost a decade, as illustrated
linear before the asymptote in Figure 2 is reached. later in this review (Figs. 5-7). Median values for the
Only the five largest studies on cancer of the brea$iVDTs of the various histological types can be estimated
have been included in Table I. Several authors give sint¢ be (D0 days for epidermoid carcinomas, 65 days for
lar figures, but their number of patients is lower, and thegmall cell carcinomas, and 185 days for adenocarcino-
results have therefore not been included [22,23,29,4thas.
51-61]. Galante et al. [62] reported observations on 196Growth rates for primary cancers of the lung are illus-
cases with cancer of the breast. Their results were pteated in Figures 5 and 6. Figure 5 shows five cases with
sented in such a way that the median TVDT could not epidermoid carcinomas, (nonsmall cell carcinoma,
calculated, and their observations are therefore not INSCC), and Figure 6 shows four cases with adenocarci-
cluded. nomas. All cases were selected to illustrate constant
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TABLE II. Growth Rates of Cancer of the Lung Divided According to Histological Type*

Anaplastic/
Epidermoi@ Small celf undifferentiated Adenocarcinoma References
70 (13) 93 (13) 118 (8) Spratt et al. [19]
78 (8) 109 (7) 214 (11) Weiss [63]
79 (11) 71 (2) Schwarz [16]
80 (97) 207 (19) Charbit et al. [64]
92 (16) 64 (23) 144 (21) Steele and Buell [27]
93 (6) 90 (9) 269 (7) Spratt et al. [19]
95 (21) 39 (3) 61 (3) Chahinian and Israel [65]
103 (6) Meyer [26]
107 (7) 232 (5) Weiss et al. [21]
126 (22) 123 (9) 219 (7) Garland et al. [18]
141 (14) 46 (3) 86 (7) 257 (2) Mattson and Holsti [66]

77 (12)

Brigham et al. [67]

*Tumor volume doubling time (TVDT) in days, average/median for different histological types.
aNumbers in brackets denote number of cases; range is not given.
bOnly publications with five or more cases are included.
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Fig. 5. Growth curves for five cases of primary epidermoid cancer of :
thg lung. Abscissa: time. Ordinate: numt?er of tﬁmpor cells (lo arithmg'g‘ 6. Growth curves for four cases of primary pulmonary adeno-
scale) gEach curve represents one case and each point one %bserv inoma. Abscissa: time. Ordinate: number of tumor cells (logarith-

y €p - porr i TIIC scale). Each curve represents one case and each point one obser-
The three more rapidly growing tumors have been adjusted slightly Jil;o1""c \rves have not been fitted to the one cell origin. Note the
parallel to facilitate visualization. Note that the observation exten arif for all the cases during the observation period TW(.) cases are
over >10 years. The data have been extracted and modified from Sp, y g b '

. ; Weiss et al. [21], two others from Spratt et al. [20]. Modified and
and Spratt [20], Schwartz [16], and Brenner et al. [24] with the kin - . i P : :
permission of Lippincott-Raven Publishers. produced with the kind permission of Lippincott-Raven Publishers.

) . . obvious reason is that few other malignancies lend them-
growth rate over prolonged periods of time (occasionallys|yes to accurate measurements of the tumor volume.
>10 years). ~ However, the growth rates of solid human malignant tu-

Spratt et al. [19] noted: “The number of years requireghors originating from organs other than the breast and
for a cancer to grow from £to 10° cells is 7.8 years for jung can be estimated indirectly by monitoring their me-
an epidermoid carcinoma, and 22.5 years for an adeRgstases to the lungs, where serial X-ray examinations
carcinoma.” This means that if an adenocarcinoma wiljow observations. This indirect estimation of the
avolume of 1 criiis found in the lung of a man 63 yearsgrowth rates of the primary tumor is based on the as-
old, the tumor started to grow when he wa40 years sumption that metastases grow at rates similar to that of
old, and it would still be invisible when he was 55 yearghe primary tumor. This supposition is discussed below.
old. That patient will reach lethal tumor burden from the Table IlI lists some of the histologically better defined
time of diagnosis after 10 more doublings of the tumanetastases that have been studied. The majority of these
cells, i.e., when he is 69 years old. originated from mesenchymal neoplasms—for which no

Studies on pulmonary metastases. The growth effective general therapy is available—or from testicular
rates of primary tumors other than cancer of the breasttamors before the introduction of cis-platinum treatment.
the lung have not been studied to the same extent. Tihethese studies, the growth rates were not influenced by
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TABLE IIl. Growth Rates of Pulmonary Metastases Divided
12 According to Site of Primary Tumor
10 1 2
» TVDT? Number
2 10" 1 A Primary (days)  of cases References
[&]
5 . 10 Testi® 15 8 Breur [22]
c 10 1 " 3 5 Demicheli [44]
3 " 19 6 Collins et al. [15]
g 10 " 43 13 Spratt and Spratt [20]
z Malignant 48 10 Knutsson et al. [68]
10° 4 melanoma
Thyroid
* . . ' . T anaplastic 29 4 Combes et al. [69]
follicular 148 7 Combes et al. [69]
0] 5 15 25 5 4
Time (months)3 S Breast 82 29 Spratt and Spratt [20]
" 83 6 Combes et al. [69]
; fccar fima 199 6 Breur [22]
Fig. 7. Growth rates for some pulmonary metastases. Abscissa: time.
Ordinate: number of tumor cells (logarithmic scale). Each curve rerg-‘?'lon 106 14 Combes et al. [69]
resents one case, and each point one observation. SyrillbeisHll = 109 10 Spratt and Spratt [20]
leiomyosarcoma (Riser et al. [33]);@—® = Ewing sarcoma " 116 25 Collins et al. [15]
(Pearlman [28])X—X = hypernephroma (Brenner et al. [24]). TheKidney 66 5 Chahinian and Israel [66]
other three cases are metastases from colon carcinomas [Spratt and 89 12 Fujimoto et al. [46]
Spratt, 20]. Four of the cases display linearity of growth. Two cases of 132 8 Brenner et al. [24]
colon carcinoma show nonlinearity. One case shows acceleration, f&nical uteri 89 5 Combes et al. [69]
%gizorﬁtg{?ﬁgonugﬁsgggénh. All cases reproduced with the kind peMesenchymél 8-198 11 Roser et al. [33]
P ’ " 11-120 15 Band and Kocandrle [70]
" 3.9-352 21 Blomaqvist et al. [34]
any systemic therapy. Table Il includes published data, oo = gearltinand[zsg] 12
on more than five cases studied by the same investigator. a5 e ik [Zg] pratt [20]
Singular observations have been omitted. Growth rates 5-360 64 Joseph et al. [71]

for six pulmonary metastases are illustrated in Figure 7- — — —
The selection criteria were the same as for Figures 5 aﬂ'&morvolume doubling tlm(_e. The interindividual variations in TVDT
. . . are so great that the range is given rather than the mean.
6. In Figure 7, only four of the cases display lineaiysgcT nonseminomatous germ cell tumors).
growth during the observation period. The other twe/arious sites. Most cases were stated to be high grade malignant.
cases exemplify nonlinear growth: one case showing ac-
celeration and the other retardation. It can be noted tl@tmary tumors in the same patient, but the observed
the retarding growth rate occurs when the volumes adéferences were not large. Breur [22,23] made the same
smaller than would be expected at the level of the agbservation in a case with a sarcoma.
ymptote in Figure 2. Fujimoto et al. [46] studied 18 cases with renal cell
Two more cases of pulmonary metastases are illusarcinoma. The TVDT of the six primary tumors ranged
trated in Figures 8 and 9. These cases were selectenin 372 days to 579 days (468 + 43.0). The TVDT of
because they provide unusually good examples of lineéine 12 pulmonary metastases ranged from 20 days to 154
ity of growth. Both cases are from Breur [22,23]. days (89.4 + 43.0). It should be noted, however, that the
Figure 8 shows one case of fibrosarcoma with twpatients in whom the primary tumors were measured
pulmonary metastases, growing at identical and constavére not the same patients in whom the metastases were
rate. One of the metastases was irradiatedRT) once measured. The TVDT of the primary tumors were ex-
and the other twice. Both responded to the treatment, lmeptionally long. The reason cannot be that the tumors
rapidly resumed growth after completion of therapywere measured during the decelerating asymptotic phase:
When growth was resumed, it was at a rate identical &l tumors were <5 cm in diameter, which is well below
that in the pretreatment period. In Figure 9, a case tise asymptotic level in Figure 2. MacDonald [73] ob-
depicted with two pulmonary metastases from a carderved that the pulmonary metastases from cancer of the
noma of the bladder. breast grew somewhat faster than the primary tumor.
Relation between the growth rates of the primary Tubiana et al. [74], studying cancer of the breast, noted a
tumor and its metastases. Secondary tumors may TVDT of 105 days for the primary tumor and 66 days for
grow at a different rate from that of the primary tumor. Ithe pulmonary metastases.
has only been possible to study this in a few cases. ForKusama et al. [47], studying 34 cases with cancer of
example, Spratt [72], studying three cases with ostethe breast, noted that the TVDT for the primary tumor
genic sarcomas, found that the secondary tumors to e not differ significantly from the TVDT of metastases
lungs were similar or slower in growth rate than théo the lungs or the lymph nodes in the same individual. If
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Fig. 8. Growth curves for two pulmonary metastases from a fibrc Time (years)

sarcoma in one patient. Abscissa: time (in months). Ordinate: number

of cells (logarithmic scale). Each curve represents one metastasis &yl 10. Hypothetical growth rates for various malignant human tu-
each point one observation. R¥ radiation therapy. One of the me- mors. Abscissa: time (years). Ordinate: tumor size (log number of cells
tastases was irradiated=(RT) once (l1), and the other twice (I): the or weight of tumor). The level of detection is indicated by the shaded
radiation doses were 37 and 50 Gray (Gy), respectively. The ikon gnea.

the top left corner depicts the lungs, the localization of the metastases,

and the fields of irradiation. Copied and slightly modified from Breu .
[22,23]. Reprinted from European Journal of Cancer, Vol. 2, Breur?(?r TVDT in Tables I, II, and I, and are based on the

“Growth Rate and Radiosensitivity of Human Tumours, | and I1,” ppassumption of a close relationship between the growth
157-171 and 173-188, 1966, with permission from Elsevier Scienggtag of the primary tumors and their metastases, the
Ltd, Pergamon Imprint, The Boulevard, Langford Lane, Kidlington,. . . !
OX51GB, UK. diagram in Figure 10 can be constructed. In this diagram,
the growth rates for testicular cancers and sarcomas are
taken from Table III.

The slope of the line for sarcomas is based on the mean
of all observations of TVDT of the various types. This is
an obvious oversimplification. The range of the TVDT
for the 197 mesenchymal tumors in Table Ill varies from
3.9 days to 360 days. Consequently, the time period from
the first tumor cell to reach detection level varies from
117 days to some 30 years.

The growth rate for epidermoid carcinomas of the lung

—— iscalculated from the mean value in Table IIl. The growth
)

TVDT = 126 days

Number of cells

rate for cancer of the breast is the estimated median value
from Table I.
107d : . : ; . ; ) Fast-growing tumors (acute leukemias, nonseminoma-
) 2 4 6 8 10 12 14 tous testicular tumors, anaplastic thyroid carcinomas, and
Time (months) some pediatric tumors) will “surface” in a year or two.

Fig. 9. Growth curves for two pulmonary metastases from a (:agow'grovwmg_tumor_S (breast, prostate, colon, and sev-
with bladder carcinoma. All explanations, abbreviations, and cor@fal others) will require several years or even decades to
ments are as in Figure 8. Radiation dose: 56 Gy. Copied and slightyach detection level.
e R o Mecioncncai, of . When do Cancers start to metastasize? In humans,
man Tumors, | and II”, pp. 157—171 and 173-188, 1966 with permidt iS impossible to obtain experimental evidence to an-
sion from Elsevie_r Science, Ltd, Pergamon Imprint, The Boulevardyer the question of when cancers start to metastasize.
Langford Lane, Kidlington OX51GB, UK. But by measuring the TVDT of metastases and extrapo-
lating back to one cell, an approximation of the time of
the primary tumor grew fast, then the secondaries aldssemination can be obtained.
grew fast. Conversely, if the primary tumor grew slowly, Six investigators have made attempts at calculating the
then the metastases grew slowly as well. Von Fourniergtrt of dissemination. Collins et al. [15] concluded from
al. [75], studying the same type of malignancy, made thieeir studies on 23 cases with pulmonary metastases from
same observation in 16 cases with untreated breast can@ious primary tumors: “. . . the establishment of pul-
and simultaneous measurements of their metastasesntmnary metastases was earlier than the first symptoms of
the lungs. The impression from these studies is that ttiee primary lesion in all but one of the 23 cases studied.”
growth rates of the metastases are similar to those of fhigbiana et al. [74], studying cancer of the breast, con-
primary tumors. cluded that “50% of the metastases started to grow two
If linear growth curves are constructed from the valugsears before the detection of the primary tumor.”



Growth Rates of Human Malignant Tumors 293

Von Fournier et al. [75] were able to measure both tHest months of life. Collins [15,78] reasoned that if a
primary tumor and multiple metastases to the lung frotamor were found in a 3-month-old infant, the maximum
seven cases of carcinoma of the breast. By extrapolatiage of the tumor from the single cell stage would be the
backward, they concluded that “metastases start théiost's age plus 9 months (gestation). If recurrence or
growth many years before the diagnosis of the primargetastases should occur after resection and start re-
tumor.” These authors also imply that already after 2drowth from the minimum of one single cell, then the
doublings, £0.6 mm in diameter) tumors have the abilittumor would reach diagnostic size within the same pe-
to generate metastatic cells. riod. In this case, at 15 months of age. Collins was able

Bauer et al. [76] concluded that for women with axil{o test his hypothesis in 340 cases. Of 75 children who
lary lymph-node metastases from the primary in thiead passed thperiod of risk,73 remained free of dis-
breast, 90% of the metastases started to grow when #ase. In a similar study, Pollock et al. [31] examined 95
primary was <6 mm in diameter. They based their copatients with Wilms’ tumor and 68 patients with neuro-
clusion on a study of 337 cases. They end their summablastoma. They found one single exception to Collins’
“The earliest diagnosis, taking technical possibilitieperiod of risk.
into account, cannot be early enough to precede lym-Knox and Pillers [79] examined 87 cases with Wilms’
phatic spread.” tumor, 126 cases with neuroblastoma, and 31 cases with

Breur [22,23] studied the growth rates of various mahabdomyosarcoma. Among the 244 cases, all 192 recur-
lignant human tumors. In 76 of his 86 cases, the pulmeences appeared within the period of risk. In total, only 3
nary metastases “originated well before the treatment (.6%) exceptions to Collins’ rule of the period of risk
the primary tumor, and in most cases before the firstere found in the first 482 cases studied. Not all pediatric
symptoms were detected.” Reer et al.[33] studied 11 tumors follow Collins’ rule: astroglial tumors seem to be
cases with pulmonary metastases from soft tissue san exception [80]. In a recent review by Brown et al.
coma. “In all but one case microscopic pulmonary81], the authors identified only 38 (0.17%) exceptions
spread was calculated to be present when the primdrgm 2,233 nonastroglial pediatric cases. The results give
tumor was diagnosed.” strong support to the concept of constant growth rates.

All of the six studies cited above have come to similar Concerning late recurrences, it may be argued that
conclusions: in many cases (>75%) the metastageediatric tumors differ in their behavior from adult tu-
started to grow years before the primary tumor was evemors. However, support for the assumption of constant
detected. In many of these cases the primary had begowth rate also comes from studies of cancer of the
removed, and there were no signs of local recurrendmeast in adults. Allan [82] presented data from late re-
even at autopsy. The metastases must therefore hauerences (>5 years) of cancer of the breast in 139 cases.
been deposited before the removal of the primary tumdte found a close correlation between the latent period

The impression obtained from these six studies canr(ap to >20 years) and the survival time (>10 years) after
be valid for all types of human tumors, because locéhe “late” recurrence. Allan’s cases would correspond to
therapy (surgery and/or radiotherapy) is still a curativibe three or four slowest growing cases in Figure 4. He
treatment for the majority of patients where permanenbncluded that there is “no justification for the concept
cure really is achieved. The term “cure” is almost im-of . . . a dormant state during the latent interval, and that
possible to define [77]. In this review, the term is used tihe results are consistent with the theory of constant
mean “dead from intercurrent disease=(“personal growth rate of the tumors.”
cure”). Only tumors with a TVDT of <60 days can be calcu-

The present authors are fully aware of the fact th&ted to recur within 5 years if stemming from one single
many tumors do not give rise to metastases until late ¢ell at the time of removal of the primary tumor (30
their lifespan. Such tumors usually have not been rgenerations x 60 days 1,800 days= 5 years). Of the
ported in the literature, since they do not offer any posaore than 800 cases of cancer of the breast summarized
sibility of studying the growth rates of their secondaryn Table I, only[115% have a TVDT of <60 days.
tumors. The extremes of biological behavior of malig- Recurrences appearing within 5 years after removal of
nant tumors range from rapidly metastasizing tumorthe primary can be explained in two ways: (1) they grow
which begin to disseminate from the start, to tumors théaster than the primary tumor, or (2) they grow at the
never give rise to visible metastases, no matter how larg@me rate as the primary tumor, but they started to grow
the primary tumor grows. before removal of the primary tumor.

Support for the concept of constant growth rate. The period of risk for the 12 cancers in Figure 4 can be
Perhaps the strongest biological support for the assungalculated to vary from a minimum of 9 years (a TVDT
tion of constant growth rate has been in the area of mai88 days) to a maximum of >50 years (a TVDT of 512
lignant tumors in infants and children. Wilms’ tumor, aslays). A patient with such a slow-growing tumor is likely
an example, may be present at birth or appear within the die with, but not from, her cancer= “personal
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A B However, the lifespan of that patient ought to be
e i shorter, since the metastases (and their secondaries) will
e T : contribute to the total tumor burden of the host. Recur-

rences from testicular carcinomas, which are fast-
growing tumors, hardly ever occur later than 24 months
after treatment of the primary tumor [93]. In contrast, a
patient with a slow-growing cancer of the breast or the
. p prostate, as in Figure 11, can be expected to Have
o5 yeas o 1o 0 & w0 years years to survive from the detection level, even if un-
e pord ot e treated.
it (A), & hypothetcal e for a malignant tamer ith & TDVT of 10 CONCLUSIONS

days. To the righ(B), the corresponding line for a tumor with a TVDT i
of 150 days. Both tumors are assumed to be untreated. In the diagram!q]owIedge of the above facts is important for several

the total tumor burden (1-10 kg) is assumed to be provided by theaSons.
primary tumorplusits metastases. The period of risk is defined as the First, the value of so-called early diagnosis has be-

period beginning with removal of the primary just prior to reaching theome guestionable. As a matter of fact, the word “early”
lethal burden and recurrence stemming from one single cell, growin . . ST .
at a rate similar to the primary tumor and starting when the primaig not even defined in most publications. Whatever defi-
tumor was removed. The period ends when the recurrent cell popufdtion is used, “early” can be regarded as a misnomer
tion has reached the lethal burden. when used to describe a tumor that is actually 5 or 10
years of age when detected. Screening the healthy popu-
cure”). Such a long period of risk is consistent with thgation for malignant tumors—be it cancer of the breast by
observed excess mortality from cancer of the breast >gfammography or cancer of the prostate by measurement
years after the primary treatment [77,83-87]. of PSA—may, therefore, not reduce the mortality from

NSGCT (nonseminomatous germ cell tumors) havetRese diseases as much as expected. Already in 1951,
TVDT of [20 days (Table Ill). With such a short douMcKinnon [94] titled an article: “The invalid evidence
bling time, the tumor will kill its host in a year or two. for faith in early treatment.” So-called early detection is
This means that recurrences of testicular carcinomisfact “biologically late,” as stated by MacDonald [73]
many years after the primary treatment are more likely ta 1975. The most common mistake is to regard a small
be new primary malignancies than late recurrences [8&imor as an “early” tumor. This is not so; when a ma-

lignant tumor is detected, it has already existed for at
DISCUSSION least half of its lifespan.

The facts given in this review are not new. Further- This may explain why mammography has not been
more, they are well documented. Since the original studble to reduce the mortality from cancer of the breast as
ies by Collins et al. [15] some 40 years ago, almost 16Auch as initially expected. The number of women
articles, five reviews, [16,37,42,89,90] and two bookscreened to achieve one less death per year ranges from
[39,91] have been published on the topic. Yet, the coid;068 in one study to 63,264 in another study to infinity
clusions from biological data are not always drawn iim a third [95]. To give another example, screening for
extenso, and the medical and legal implications are usung cancer in order to obtain “early” detection has not
ally not taken fully into consideration. The practicateduced mortality from these diseases. Screening for lung
medical conclusions that can be drawn from Figure Xancer is, therefore, advised against [96].
can be extended, as illustrated in Figure 11. Second, knowledge of human tumor kinetics may in-

In Figure 11, it is demonstrated that when a malignafitience the outcome of legal trials in which the possible
tumor can be detected by present-day diagnostic methfluence of patients’ or doctors’ delays on the prognosis
ods, it has consumed more than half of its lifespan, if lefff the patient is at stake. The importance of “early”
alone or unaffected by treatment. A total tumor burden dietection of tumors for the prognosis of the patient has
10*2 (=1 kg) in children to 182 cells &10 kg or around been grossly overestimated, because clinically detectable
the 45th tumor cell generation) for an adult individualumors are not early. Dissemination may have occurred
may be regarded as lethal. This level seems to be valithg before the diagnosis of the primary tumor.
for both solid tumors and hematological malignancies Moreover, a delay of 1 or 2 months in the diagnosis of
[6,16,17,20,28,43,92]. If the TVDT of the primary tumom slow-growing malignant tumor such as cancer of the
is known, antegrade extrapolation (Fig. 11) can, therbreast will amount to 1% or 2% of the total consumed
fore, be used for prognostication. For example, a patidifespan of that tumor. Displacing diagnosis to an earlier
with a malignant tumor with a TVDT of 10 days has alate will prolong the observation period without influ-
maximum of 450 days from the first tumor cell to surviveencing the time of death for a nontreated patient. If the
if untreated. diagnostic level of an untreated tumor with a TVDT of

10kg
i
Tkg o
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150 days was shifted from 1 cm diametef(® cells) to range of growth rates for cancer of the breast illustrated
2 mm in diameter#10’ cells), this would increase thein Figure 4 also may reflect highly variable biological
observation time with almost 3 years. Such patients wiroperties, like metastasizing potential. It is possible that
live longer as cancer cases, but not as individuals. THistage Il breast cancer is not simply a late stage |,” as
pitfall has been termed “lead time bias” [97]. Thestated by Mueller [100].
medico-legal problem of malpractice claims for doctor's Fourth, interpretation of some epidemiological data
delay is increasing, but has so far received but little athay be reconsidered. If a tumor reaches the diagnostic
tention in the medical literature. One notable exceptionlisvel when it is 10 years old, it is not likely to have been
the article by Spratt and Spratt [98]. initiated by a suspected carcinogen to which the patient
“Early” therapy of a primary tumor will lead to a was exposed only 5 years earlier. The causative agent
reduction in mortality only if the primary tumor can bemust be searched for more than 10 years before the di-
eliminated before dissemination begins. And as shownagnosis.
this review, dissemination frequently begins prior to the Fifth, as stated above, insurance policies may be af-
detection of the primary tumor. In such cases, local tredéected by awareness of tumor kinetics. There is ample
ment of the primary tumor will not prevent disseminaevidence that metastases progress at roughly the same
tion. Nor will local treatment improve the long-termrate (= similar TVDTSs) as the primary tumor. Therefore,
prognosis of the patient. This emphasizes the need 62 years are required for the primary tumor to reach a
better generalized treatment, not the need for better dize of 1 cubic centimeter, it is likely that some of the
agnostic methods or better local treatment. secondaries will need the same period of time to reach
But there are two examples where “early” detectiomletectable levels. Some “late recurrences” or so-called
(with prompt removal of the primary tumor) has resultedormant cells, appearing decades after removal of the
in a true decrease in mortality: malignant melanoma pfimary, may not be late or dormant at all. They may
the skin and cervical carcinoma. These two malignancisenply reflect the natural history of a slow-growing neo-
share two unique characteristics: (1) they both havepéasm. For slow-growing cancers—and many cancers of
long preinvasive period, and (2) they can be inspected the breast, prostate, colon, and kidney belong to this cat-
eye. egory—these facts lead to the conclusion that the 5-year
Hence, a suspected precursor lesion can be remoweuvival rate is no reliable measure of cure [101]. How-
during the preinvasive phase. Under those conditioreyer, if the TVDT of a tumor is known, the “period of
local treatment may prevent metastases. In contrasgk” can be estimated relatively accurately. The use of
when generalized malignancies are cured—Ilike sorm&DT as a yardstick of prognosis is a more realistic
leukemias or testicular tumors—it is not because they areeasure of treatment efficacy than the number of survi-
detected early, but because the tumor cells are susceprs at arbitrary units of time. If the TVDT—and hence
tible to treatment. the period of risk—is doubled by treatment, this may be
Third, the design and analysis of clinical trials may ba more appropriate measure of treatment efficacy than an
affected by knowledge of tumor kinetics. If cancerincrease in the number of 5-year survivors. A host having
specific death is used as an end-point in individual cas@spulmonary metastasis 20 mm in diameter has a 95%
then that point will be reached in a few years for fasprobability of dying within 11 more tumor doublings
growing tumors. For slow-growing malignancies, in con20]. The duration of his or her life, however, may vary
trast, a 5- or 10-year observation period may not evérom some 100 days with a TVDT of 10 days to 2,160
cover the natural course of the disease. For cancer of theys €6 years) with a TVDT of 200 days. This, in turn,
breast, the prostate, and the kidney, for example, they have implications for insurance companies and their
excess mortality from the diseases remains as long asri&k estimations.
years after the primary treatment [90]. The long-term
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