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EDUCATIONAL SECTION

Cell production rates in human tissues and tumours and their
significance. Part 1: an introduction to the techniques of

measurement and their limitations

D. A. Rew∗ and G. D. Wilson†

∗Honorary Senior Lecturer in Surgical Oncology, Southampton University Hospitals, UK and
†The Gray Laboratory, Northwood, Middlesex HA6 2JR, UK

In the past two decades, the technology of laser cytometry and use of the halogenated thymidine (HP) analogues
bromodeoxyuridine and iododeoxyuridine as proliferation labels, have allowed us to quantify the rate of cell turnover in
tissues and tumours, in clinical samples as in laboratory models. The principal studies have used injection of bromo- or
iododeoxyuridine to measure cell production rates in vivo. Flow cytometry (FCM) has been used to estimate the S phase
labelling index (LI) and the S phase duration (Ts) and calculate the cell production rate, represented by the potential
doubling time (Tpot). This has allowed calculation of time-dependent indices of proliferation from single biopsies of HP
pulse labelled human tissues and tumours. In the first part of this two-part review, we describe the technique and its
limitations as a biological assay. The second part summarizes the knowledge gained about cell production rates and the
relevance that this information may have to future investigative, prognostic and treatment strategies.
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Introduction compartment.2,3 All tissues and tumours comprise a complex
mixture of cell types, including those which are terminally

Cell proliferation provides continuity to life. Knowledge of differentiated and non-proliferating. Those cells which retain
the rate at which cells proliferate in normal tissues and proliferative potential may either be actively transitting the
tumours adds to our understanding of biological processes cell cycle, or quiescent. In the latter case, they may become
from embryogenesis to tumourigenesis, and may help in proliferative in response to a variety of stimuli, including
prognostication and in the formulation of antiproliferative radiotherapy and chemotherapy. The key to the cell cycle
strategies in cancer therapy. This two-part review considers is the DNA synthesis, or S phase, during which
critically the progress made in our understanding of cell chromosomes are duplicated, and which is most susceptible
production rates in clinical tissues and tumours using to disruption by therapeutic interventions. Cell proliferation
modern cytometric techniques. In the first part, we describe measurements in any one tissue or tumour are thus
the cytometric techniques used to measure cell production influenced by its growth fraction (GF). This is the proportion
rates and consider the important constraints upon their of cells capable of active proliferation in the total cell
interpretation. In the second part, we present the clinical population, of expressing proliferation related markers, and
data and review its applications. capable of traversing the cell cycle. In most cell populations

The cell cycle concept1 is the key to understanding cell the GF is much less than 100%, because of the large number
proliferation rates. ‘Cell kinetics’ is a general term used to of quiescent, differentiated and dying cells, even within
encompass measurements which relate to the proliferating rapidly proliferating tumours. Conversely, the growth

fraction is usually much larger than the labelling index.
This is because many proliferation-capable cells will be at
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than is conventionally used. For example, a rapidly
proliferating tumour with a median cell cycle time of 30
hours might pass through two doubling times over a
weekend of treatment lapse.

Cell production rate measurements might similarly be
hypothesized to predict the response of tissues and tumours
to cytotoxic chemotherapy. Cytotoxic drugs are believed to
work at specific phases of the cell cycle. Blockade of the
immediately proliferating population will bring other cells
into cycle, including drug resistant cells, thus paradoxically
increasing the growth fraction and aggressive capacity of
the tumour. More frequent dosage, or combinations of
drugs acting on different phases or subpopulations, may
thus increase the tumour cell kill.

Both radiotherapy and chemotherapy are restricted in
practice by their effects on normal tissues, which may be
severe. A knowledge of the proliferative capacity of normal
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Fig. 1. This illustrates the concept of the cell cycle and the growth index in respect of adjacent tissues and bone marrow, for
fraction. the various treatment strategies planned.

many capable cells will not be actively cycling at any one The cell cycle and cell proliferation indices
time. All capable tissues thus retain a substantial reserve
capacity for proliferation under appropriate conditions and

The differential expression of many proteins through the
stimuli. An understanding of tissue population dynamics is

cell cycle, the specific uptake of DNA precursors in the S
thus governed both by knowledge of the speed of cycling

phase (usually a thymidine analogue), and the asynchronous
of individual cells, commonly of the order of 30 hours, and

nature of all spontaneously cycling populations, determine
the more complex dynamics of the entire population of

that no cell population will express a cell cycle specific
cells. These concepts are illustrated in Fig. 1.

marker in 100% of cells, even if all cells are capable of
doing so in the fullness of time. The usual presentation of
proliferation marker data is the labelling index (LI), which

Why measure cell production rates?
is the proportion of cells labelled by the study marker in
the total measured population. The LI is one example of a

There are a number of reasons to study cell production
static, time-independent index measured at any one time

rates in human tissues and tumours. Core biological research
point. Static indices are the most commonly reported

opens new horizons on the behaviour of tissues. Cell
measures of cell proliferation data. They include the mitotic

proliferation measurements indicate the high rate of cell
index by counting mitoses in tissue sections; the S phase

production in human tissues and tumours, and indicate the
fraction derived from flow cytometric DNA profiles;4–7 and

importance of cell loss processes in their growth, regression
a variety of intrinsic antigens or proteins such as

and steady states. Cell production rates might also determine
proliferating cell nuclear antigen (PCNA), Ki67, or one of

the time needed to reach critical and fatal tumour mass,
the cyclins.8–11 They are usually detected by monoclonal

and thus have a role as indices of prognosis. Such
antibody labels and secondary stains.

expectations are overly simplistic, because such measures
are an inadequate index of biological aggressiveness, because
of the importance of cell loss and apoptosis in tumour

The limitations of endogenous proliferation markersbiology, and because cell production rates may be little
different between tumours and normal tissues, such that
accelerated growth is not in fact a critical feature of tumour Static indices take a snapshot of the number of labelled

cells in a tissue sample at one time point. They give nobiology. These studies have nevertheless advanced our
understanding of the growth of human tissues and tumours. direct indication of the rate of turnover or transit of the

labelled cells in the population, which in turn determines theCell production rates may also determine the response of
tissues and tumours to radiotherapy. Sublethally irradiated overall rate of growth of the tissue or tumour. Endogenous

protein markers such as Ki67 and PCNA are usually ‘softtissues are characterized by repair, repopulation and
regeneration, particularly of radioresistant clones. By indices’, in that their expression is rarely confined to a

specific cell cycle phase, owing to time delays in synthesisincreasing the frequency of fractionated therapy, it is
hypothesized that more tumour cells might be irreparably and degradation, and in that the antigenic epitopes are

often labile. They thus usually measure a compartmentdamaged during their proliferative phases, allowing less
time for repair and creating a greater fractional cell kill. somewhere between the S phase and the growth fraction,

but with considerable imprecision according to epitopeMore rapidly proliferating tumours by cytometric measures
might thus be expected to require more rapid fractionation preservation, fixation conditions and antibody affinity, for
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Fig. 2a and 2b. These paired histograms and dot plots display the DNA profiles and corresponding multivariate BrdUrd (Y axis) vs DNA
(X axis) analyses of a series of tumours pulse labelled with 250 mg BrdUrd in vivo (see text). All analyses were undertaken on an
Orthocytofluorograph cytometer. The ploidy profile is on the left, and the corresponding BrdUrd vs DNA profile on the right. The two
profiles in Figure 2a illustrate diploid breast carcinomas. The profiles in Figure 2b illustrate a typical aneuploid breast carcinoma (upper)

and its nodal metastasis (lower).

example. A robust, exogenous S phase marker is thus (denoting greater DNA content) according to the excess
DNA present in the aneuploid cells. Occasionally, multiplepreferable for S phase labelling studies.
aneuploid populations of tumour cells are present, each
with their own distinguishable G0/G1 and G2 peaks (Fig.
2b).DNA content/Ploidy analysis

DNA analysis is a remarkably reproducible technique,
which has been widely applied to retrospective andCertain organic dyes, which include propidium iodide,
prospective series of clinico-pathological material from allethidium bromide, acridine orange and 7-aminoactinomycin
classes of human tumour, in respect of prognostic andbind to DNA stoichiometrically, that is in proportion to
clinical outcome measures. It is not the purpose of thisthe quantity present in each nucleus. This allows the
paper to further review the clinical literature on DNAgeneration of a DNA profile, which is a histogram of DNA
analysis. However, it poses interpretational problems whichcontent in the population of cells or nuclei. DNA content,
are often underestimated, and which have a bearing on databeing proportional to the light intensity emitted by its
presented in the second part of this educational review.marker dye, is conventionally plotted linearly on the X axis.

FCM analysis depends upon the preparation of singleThe DNA histogram forms one of two patterns. A diploid
cell or nuclear suspensions from solid tumours by enzymatictumour displays a large narrow primary peak corresponding
or mechanical means, either from fresh, unfixed tumoursto cells in the G0/G1 phase of the cell cycle (diploid
and tissues which are variably resistant to disaggregationchromosome content), and a smaller peak corresponding to
according to their stromal content, or extracts of nucleicells in the G2 phase of the cell cycle (tetraploid chromosome
from archival material from formalin-fixed, wax-embeddedcontent). The intermediate zone corresponds to S phase
blocks. In the latter case, whole cell extraction is impractical.cells (Fig. 2a). The DNA content in G0/G1 can be defined
Disaggregation may cause considerable antigen loss andin relation to a reference standard such as nucleated chicken
subcellular fragmentation. Extraction artefact may lead toerythrocytes. Elements to the left of the G0/G1 peak were
rejection rates or failure of analysis in up to 40% of samplesonce thought to comprise cell and nuclear fragment debris,
in reputable series.6

but are now recognized to contain both hypodiploid
(subdiploid) cells and the important apoptosing fraction in
some instances.

The analytical problem of aneuploidyAneuploid tumours usually comprise one additional
tumour stem line with abnormally increased DNA content,
interwoven with a diploid population, which in turn Flow cytometry cannot distinguish nuclei of tumour cells

from stromal cells in diploid populations, thus confoundingcomprises a mix of stromal cells (e.g. lymphocytes) and
diploid tumour cells. The DNA profile of the aneuploid the interpretation of ploidy profiles. The complexity of

aneuploid profiles causes greater difficulties incells (G1-S-G2) is in effect superimposed on the diploid
DNA profile but shifted along the X axis to the right interpretation. Each profile may be deconvoluted
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Fig. 3. These diagrams illustrate the templates for calculating ploidy and proliferation parameters by flow cytometry. (a) represents a
diploid tumour template. (b) represents an aneuploid tumour template. The boxes within each template represent the labelled, unlabelled
and total cell counts in each phase of the cell cycle, and are used to calculate the LI and the Ts. The regions must be subjectively adjusted
on a sample-by-sample basis by the trained observer. 1. Total nuclei; 2. total BRdU nuclei; 3. G1 DIP BRdU nuclei; 4. G1 AN BRdU

nuclei; 5. G1 DIP total nuclei; 6. G1 AN total nuclei; 7. mean DNA [G1]; 8. mean DNA [S] (BRdU); 9. mean DNA [G2].

mathematically into the various peaks and cell cycle phase The time component in cell proliferation
specific segments of the constituent diploid and aneuploid

True proliferation measurements need a time component. Wepopulations (Figs 3a, 3b). This is an imprecise estimation,
may describe these measurements colloquially as ‘dynamic’particularly where peaks lie close together or overlap, such
indices to distinguish them from ‘static’ indices which lack aas in near diploid or tetraploid tumours.
time element. Such measurements include the S phase
duration (Ts) and the cell cycle time (Tc) of cells; and the
potential doubling time (Tpot) and volume doubling time

The S phase fraction (SPF) (Vd) of the tumour. In an exponentially growing population
where all cells are in cycle and there is no cell loss, the tumour

The SPF is a derivative measure of the ploidy profile when doubling time is the cell cycle time. The Tpot is the time taken
studied by flow cytometry. It is often presented as a surrogate for cell numbers to double in a population where GF is less
measure of proliferation, but in fact is one of the least reliable than unity and in the absence of cell loss, which is the usual
measures for a number of reasons. In diploid profiles, the situation. The Vd is the observed tumour growth rate, usually
S phase represents a small proportion (often less than 10%) much slower in clinical tumours because of the large
of the total population, and in turn is composed of the contribution of the cell loss factor.
proliferating populations of tumour and stromal nuclei, There are a number of techniques reported for the
which cannot effectively be separated within the profiles. measurement of time-dependent indices (Table 1). The
More importantly, there is no clear distinction between the stathmokinetics and the fraction of labelled mitoses methods3

are now little used and are of historical interest, having beenboundaries of the G0/G1, S and G2M phases, but a merging
superceded by flow and laser scanning cytometry techniquesat the margins of their distributions. The imprecision of
which are the mainstay of this review. Histometric doubleoverlap, particularly at the S-G2/M boundary, obliges
labelling techniques with the non-radioactive halogenatedguesswork and a variety of deconvolution algorithms, small
pyrimidines (HPs) bromodeoxyuridine (BrdUrd), anderrors in which can have a disproportionate effect on the
iododeoxyuridine (IdUrd) using stathmokinetic principlescalculated SPF and the subsequent classification of a
find little practical application.68 We will also present thetumour.
argument that the S phase duration may be a species specificThis problem is much worse in the aneuploid tumours
constant within the limits of experimental error, in which casewhich comprise up to 75% of most solid tumour series.
the use of in vitro measures of labelling indices may suffice asThe overlap of diploid and aneuploid populations renders
surrogates for in vivo, time-dependent measures ofdeconvolution little more than guesswork, as a large
proliferation. The in vivo present greater technical andaneuploid G0/G1 peak often overlies the small diploid S
resource demands and require ethical committee approvalphase, a problem reciprocated by the overlap of the diploid
and informed consent, which adds to the administrativeG2/M peak on the aneuploid S phase. Stratified studies of
burden of in vivo studies.flow cytometric SPF measures and outcome or prognosis

must thus be treated with the greatest caution, however well
Tritiated thymidine labellingcontrolled, because of this fundamental physical problem.

Robust SPF markers are thus needed which are independent The thymidine analogues are ideal markers of dynamic
proliferation. Cells incorporate endogenous and exogenousof the DNA profile.
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Table 1. Techniques for measurement of time-dependent proliferation parameters

Technique Ref Marker

Stathmokinetics 3, 15 Tritiated thymidine
Fraction of labelled mitoses 3 Tritiated thymidine
Multiparameter laser flow or laser scanning cytometry 17, 54, 58, 28 Bromodeoxyuridine, iododeoxyuridine
Double labelling with halogenated pyrimidines, 68 Bromodeoxyuridine, iododeoxyuridine

immunohistochemistry and manual counting
In-vitro labelling index measured using tritiated thymidine or HP 7, 36 Assumes S phase duration is species specific in

labelling normal tissues and tumours: see part II

thymidine and its analogues into DNA during the S (DNA proliferating cells and regions within tissues and tumours, as
illustrated in Figs 4a and 4b.synthesis) phase of the cell cycle. From 1950 to the early 1980s,

tritiated thymidine, 3H-TdR, was the principal tool for cell Quantitative studies of the HP labelling index by
conventional counting of labelled tumour sections can becycle studies and for measurements of the S phase

compartment and of cell production rates.12–15 The fraction integrated with flow cytometrically derived Ts values to
estimate the rate of proliferation of various sub-regionsof labelled mitoses (FLM) method allowed the cell cycle time

to be determined from the rate of accumulation of within a tissue section. This is illustrated in Fig. 5.
radiolabelled mitoses from serial biopsies. The rate of change
in the number of labelled mitotic cells with time provides the
cell production rate. Whilst a useful tool in animal and cell Halogenated pyrimidine labelling and laser cytometry
line models, the technique is extremely slow and laborious,

Cells labelled with fluorochromes can be quantified byattendant as it is upon the development of autoradiographic
computer controlled cytometry instruments in rapid,plates and manual counting. Film requires several weeks for
automated assays. Flow cytometry (FCM) has been thedevelopment. The technique requires multiple sequential
mainstay of such research for two decades. Flow cytometrybiopsies to be taken from the tumour or tissue. These factors
works through the illumination of a stream of isolated cellsseverely limit its applications in clinical practice.
or cell nuclei in suspension with a light beam of known
wavelength, usually from a laser source. Scattered or

Halogenated pyrimidine labelling transmitted light is collected by a series of photomultiplier
tubes, such that cell size and granularity can be deduced. If

The non-radioactive halogenated pyrimidines (HPs)
the cells or nuclei are marked with fluorescent dyes, other

bromodeoxyuridine (BrdUrd)16 and iododeoxyuridine
characteristics can be measured simultaneously. Typically,

(IdUrd)17,18 have transformed the study cell production rates
5–10 000 cells or nuclei can be analysed in a few minutes from

in tissues and tumours in vivo. The HPs are synthetic, non-
any one tumour biopsy. For each cell or nucleus, the computer

radioactive deoxyuridine analogues which are also rapidly
assimilates data from each of its light collectors and presents

and consistently incorporated into the DNA during the S
it to the observer as scatter plots or histograms. A fluorescent

phase of the cell cycle in living tissues. The halogen moiety
event is allocated to one of 1024 channels of fluorescence

can be detected within DNA by monoclonal antibodies and
according to its light intensity.

by histochemical markers. In the early 1980s, a number of
monoclonal antibodies were developed for the specific
detection of these analogues when incorporated into either

Multiparameter cytometric assayssingle stranded (SS) or double stranded (DS) DNA.18–22 The
HP binding monoclonal antibodies can in turn be detected The capacity of conventional FCM instruments to measure
in one of two ways; by immunochemistry of labelled tissue up to six simultaneous parameters per cell allows the rapid
sections,16,23,24 or using fluorescent dyes such as Fluorescein and accurate quantitation of two or more fluorochrome
to tag the antibodies for analysis in a laser cytometer. tagged biomarkers in large, heterogenous cell populations.

If one parameter is the DNA profile, the cell cycle
distribution of any other protein or antigen for which aHalogenated pyrimidine labelling and tissue architecture
monoclonal antibody is available may be studied in many
thousands of cells.25–27 Laser scanning cytometry is a newThe need to disaggregate tumours and tissues into

suspensions for laser cytometric analysis destroys many technology which can perform similar analyses, but with
the advantage of direct visualization and recall of the sampledimensions of data inherent in the tissue architecture. The

histological study of tissues labelled with HPs provides a under study.28,29 This multiparameter capability of laser
cytometry underpins much of the work reviewed here. Wepowerfuldescriptive tool in itsownright,andcircumvents this

problem for semiquantitative studies. S phase cells labelled by will focus on dual parameter analysis (DNA profile and
one proliferation marker), but up to five parameters can beeither in-vitro or in-vivo techniques can be clearly

distinguished by conventional immunohistochemical measured simultaneously in clinical immuno-phenotyping
and leukocyte differentiation.techniques. This allows clear identification of the



D. A. Rew and G. D. Wilson232

(a)

(b)

Fig. 4. These photomicrographs are of colorectal mucosa (a) and a well differentiated adenocarcinoma (b) obtained at surgery, where the
BrdUrd pulse labelled proliferating cells are detected immunohistochemically (see text) with peroxidase counterstain. They illustrate the

clarity with which S phase labelled cells and their distribution can be identified by conventional staining and microscopy.

Halogenated pyrimidine data from clinical studies (and progressively diluted) with each succeeding cell
division.

HPs can be used in one of three ways to obtain data on
the proliferating compartment: by in-vitro incubation of
freshly obtained tumour samples; by in-vivo infusion over

The clinical safety of the halogenated pyrimidinesa period of hours to ‘saturate’ the replicating fraction of cells;
or by in-vivo, intravenous pulse labelling pre-operatively to
obtain dynamic indices. HP markers are remarkably robust The safety of HPs in research use is an important issue.

Their incorporation into DNA raises concerns aboutwithin tumour biopsies and resected surgical specimens,
surviving long-term storage of tissue samples in ethanol and mutagenicity. In experimental cell systems, ultraviolet light

increases the damage to DNA containing BrdUrd in tumourformalin fixation, and degradation during mechanical and
enzymatic extraction. The HP labels also survive the caustic cells in culture.30–32 It also inhibits cell differentiation in

animal models. Findings from these experimental modelsacid denaturation required to unravel DNA to permit
antibody access. Moreover, an HP label can only be used must be interpreted with caution, as the unusual

experimental conditions of the animal or cell model mayonce in one clinical sequence because it remains detectable in
the cells for several cell generations in vivo, being transmitted not translate to the human body. For example, a DNA
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These include lung, breast and other tumours,36 gastric
adenomas and gastric cancers,37,38 and transitional cell
carcinoma of the bladder.39 The comparability between the
thymidine analogue labelling index of tissues which have
been incubated in vitro with BrdUrd or 3H-Thy has been
established in studies of human breast tumours40,41 and
human colorectal and cervical tumours.42

In-vivo studies of HP labelling by continuous infusion

In-vivo labelling offers advantages over in-vitro techniques.
When given intravenously (or intraperitoneally in animal
models), the label is delivered physiologically to the tumour
mass. Over short infusion periods immediately prior to, or
at the time of biopsy, the labelled fraction will consist almost
entirely of those which are in the S phase, and a few which
have passed into G2/M. The administration of a HP by
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Fig. 5. This illustrates the problem of heterogeneity of potential saturates cycling cells with label, such that as more and
doubling time calculations according to the method of estimation more cells enter and pass through and out of the S phase,
of the labelling index in a series of 60 human colorectal tumours:

so the labelled fraction approaches the growth fraction.FCM: flow cytometric method; Average: average counts from
Continuous or peri-biopsy infusion denies the option ofhistochemically labelled sections; Max: the counts from maximally

proliferative zones on the tissue sections (see text). Φ: FCM; Β: time-dependent data provided by a pulse label given a few
Average; Α: Maximum. hours earlier, but has nevertheless been a widely adopted

technique to measure the HP labelling index, or S phase
fraction.

Such studies of in-vivo HP labelling of human tumoursstrand break assay may not take into account damage
reversal by the DNA repair enzymes and topoisomerases to derive static indices were reported in the early 1980s.42–44

Since then, many series of data have been reported onwhich regulate the integrity of mammalian chromosomes.
The HPs were originally developed for clinical use as a various classes of tumour. These include intracranial

gliomas,45 bronchial tumours,46 meningiomas,47 transitionaltumour radiosensitizer in the 1950s, to be given as an
adjunct to radiotherapy by intravenous injection in doses cell carcinoma of the bladder,48 renal carcinoma,49 squamous

cell carcinomas (SCC) of head and neck50 and breastof 1 g per day for up to 40 days.33,34 Both agents continue
to be used for radiosensitization of tumours of the brain, tumours.51–53

and for the delivery of therapeutic doses of radioiodine to
lesions such as liver metastases. Some toxicity has been
reported with HPs in the role of high dose radiosensitizers, Development of proliferation dynamics by HP pulse

labelling in vivosuch as photosensitization. For example, Fine and
Breathnach35 reported two cases of cutaneous papular
eruptions in patients with brain tumours treated with high In an important conceptual advance, Begg and colleagues

reported in 198554 how a single pulse label ofdose BrdUrd and radiotherapy.
Concerns about the long-term mutagenicity of the bromodeoxyuridine, and flow cytometry, could be used to

derive consistent, time-dependent data from a single biopsyanalogues must also be tempered by the fact of their use at
low and single doses in patients with established neoplasia, of a tumour following in-vivo (intraperitoneal or

intravenous) drug administration. Pulse labelling with anand in proportion to the risk of genotoxicity of conventional
chemotherapy or radiotherapy during the course of interval between labelling and biopsy allows cohorts of HP

labelled cells, which were in the S phase at the time oftreatment, and because no untoward acute or long-term
effects have come to light in studies of more than 2500 pulse labelling, to be followed through their cycle, which

introduces the time element to the analyses. Figure 6patients to date.
illustrates the principle of dual parameter analysis of a HP
labelled cell population.

The movement of cells through the cell cycle over aIn-vitro studies of HP labelling
known time from pulse labelling to biopsy allows the S
phase duration (Ts) to be calculated. This is illustrated inIncubation of freshly harvested and viable tissue and tumour

cells with HPs in the laboratory can be used in conjunction Fig. 7. If it is assumed that the pulse label of HP is evenly
incorporated into S phase DNA at the time of pulse labelling,with immunohistochemical or flow cytometric detection to

obtain a static measure of the HP labelling index (LI). It and the rate of DNA synthesis is constant, then the median
DNA content of the labelled DNA measured along the Xcan be performed in the laboratory without the need for

in-vivo injection or clinical consent, and has been used by axis will increase constantly with time to the G2 value, at
which point the labelled cells mitose. Because the intervalmany groups over a wide range of tumour and tissue types.16
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Fig. 8. This illustrates a study of BrdUrd incorporation
after bolus intraperitoneal injection into the human HT29
colorectal tumour grown in a mouse model. The G0/G1
phase of the principal tumour cell population is centred on
channel 40 on the X axis. BrdUrd fluorescence is represented
on the Y axis. By 2 hours, labelled S phase cells are seen
in the G2M phase. The labelled S phase population between
co-ordinates 40–70 on the X axis and 10–100 on the Y axis,
moves steadily to the right as the cell cycle proceeds. By 10
hours, many labelled cells have appeared in G0/G1 of the
daughter cell cycle. Such serial sampling is rarely possible
in clinical practice.

The Ts estimation and the HP labelling index thus allow
the Tpot to be calculated from one time point analysis of
a single biopsy. The Tpot is related to the Ts by the equation
Tpot=lambda× Ts/LI, where lambda is a correction factor
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Fig. 6. This illustrates the principle of dual parameter flow usually taken to be between 0.6 and 0.8.
cytometry. Cells in suspension labelled with propidium iodide (to There appears to be high concordance when the Ts and
label DNA) and fluorescein (to detect incorporated Tpot are calculated by the 3H-TdR and BrdUrd/FCMbromodeoxyuridine). The resulting data is represented as a three-

techniques in experimental models.26 It is remarkable thatdimensional histogram to show how the various phases of the
cell cycle, and labelled and unlabelled cells, can be distinguished the injected HP molecules avoid metabolism, sequestration
(courtesy of Dr Joe Gray, University of California, San Francisco). and dilution, to achieve delivery to the tumour mass,

transport into proliferating cells and rapid incorporation
into replicating S phase DNA within an hour of injection.

In preliminary clinical studies, the incorporation ofbetween labelling (T0) and biopsy (Tx, for example 3 hours)
BrdUrd was shown to be reliable, reproducible andis known, this allows the Ts to be calculated by simple
measureable when the analogues are given the analogueextrapolation. The computer will readily make these
intravenously in small, subclinical doses of 100–250 mg ascalculations from analytical templates of the relevant
a single intravenous bolus within 24 hours of surgical biopsy.populations of labelled and unlabelled cells in each cell cycle
Wilson et al. in 198855 reported the in-vivo measurement ofphase in diploid and aneuploid tumours.

The elegance and validity of this model is illustrated in the LI, Ts and Tpot of 26 evaluable human tumours of
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Fig. 8. This series of experiments illustrate the principle of cell cycle progression with time highlighted by BrdUrd incorporation into a
human tumour. The study shows BrdUrd incorporation into the human HT29 colorectal tumour grown in a mouse model after bolus
intraperitoneal injection. The G0/G1 phase of the principal tumour cell population is centred on channel 40 on the X axis. BrdUrd
fluorescence is represented on the Y axis. By 2 hours, labelled S phase cells are seen in the G2M phase. Labelled cells continue to move

through the cell cycle, such that by 10 hours, many labelled cells have appeared in G0/G1 of the daughter cell cycle (see text).

various lineages obtained by local biopsy. Riccardi et al. in distribution confounds the interpretation of many data in
clinical oncology.60 Intratumour heterogeneity and site-to-198856 reported the in-vivo cell kinetics of 46 acute leukemias,

27 gastric carcinomas and 16 gliomas. These validated the site variation for proliferation parameters is significant, as
would be expected for tumours which display architecturestechnique in clinical practice and established its further

use.57–59 which range from the vital to the necrotic. The problem
posed by intratumour heterogeneity of labelling is
compounded by the technique selected for measurement of

Constraints to the interpretation of dynamic proliferation the HP labelling index. HP labelling yields a range of indices
measurements of proliferation within any one tumour. Histochemical

measures of the labelling index derived by manual countingThere are both biological and technical factors which affect
are usually higher than equivalent FCM-derived indices.61,the interpretation of dynamic proliferation data. These are
62 This is in part because observers focus on highly labelledoutlined in Table 2.
areas of the slide and tend to exclude stromal cells from
the count.

Biological factors Because labelling varies considerably from site to site
within a tumour, we are also presented with a complexProliferation data cannot provide a complete or predictive
problem in deciding which of the many indices generatedassay of the biological behaviour of clinical tumours,
from one reliable S phase marker is most representative ofbecause they do not describe the properties of invasion and
the proliferation of the tumour. The LI(max) andmetastasis which usually determine biological aggressiveness
Tpot(max), determined from counting the maximallyand clinical outcome. Proliferative measurements are usually
proliferative areas of the tissue section, may be appropriatemade on the primary tumour, and these may have little
because these regions are likely to have the greatest bearingrelevance to the proliferative biology of metastatic or
on tumour behaviour. Thus, even if a careful assessment ofinvasive clones.

Solid tumour heterogeneity of architecture and cell heterogeneity is made in multiple biopsies, the data may
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Table 2. Limitations of dynamic proliferation measurements in clinical samples using halogenated pyrimidine pulse labelling

Biological factors

The measurements only apply to the time point of analysis

Tumours very heterogenous for proliferation parameters
The chosen method and subregion of analysis may not be representative

Do not describe tumour volume growth in vivo, because the cell loss factor is often very large

They do not describe the contribution to biological aggressiveness of invasion, metastasis and recurrence

Technical factors

Samples must be disaggregated for laser cytometric analysis, causing sample damage and loss of architectural information; loss of
correlation between data and morphology on a cell by cell basis

Intra- and interobserver variability in preparation and analysis: subjective element to data interpretation

Inter-laboratory and interinstitutional variability in preparation and analysis

Timing of pulse label in relation to surgery or biopsy causes administrative problems, e.g. for scheduling and case postponements

Need for appropriate consents impose an administrative overburden

Halogenated pyrimidine labelling: ‘one shot’ limitation as label persists for several cell generations

not be a true measure of cell production throughout the of deconvolution of the ploidy profile into constituent cell
phases affects the allocation of labelled cells to the correcttumour.62 The problem of heterogeneity of proliferation

parameters is highlighted in Fig. 5. In this study, we have population, and thus influences the calculation of the S
phase duration. This is a particular problem in low labellingcalculated the Tpot by the method of Begg for 60 colorectal

tumours from our series using the same Ts values but with tumours. A similar problem arises in determining the cut-
off point between labelled and unlabelled cells on the Ylabelling index data derived in one of three ways, each of

which is entirely legitimate: by flow cytometry; by using axis, where there is usually a gradual transition in the
intensity of fluorescence. An arbitrary distinction may needaverage counts from histochemically labelled sections; and

by counting the maximally proliferative zones on the tissue to be made between labelled and unlabelled cells, thus
influencing the calculation of the labelling index.sections. The series displays upwards of two-fold variation

in estimated proliferation rates depending upon the LI There remain concerns about technical, observer and
institutional variability in the data, contributing to thecounting method chosen.

Changes in proliferative biology with time also confound spread of data within and between tumours.64 The specific
characteristics of the individual cytometer may vary, asinterpretation of proliferation data. Tumour growth

fractions and proliferation rates may change with growth may preparation protocols, antibody affinities and other
experimental factors. The choice of analytical algorithmand time. A snapshot biopsy measurement taken at any

point in the life of the tumour may not be predictive either and the specific training of the individual observer will
influence the interpretation of raw cytometric data. Concernof the past behaviour or of future growth characteristics of

that tumour. has also been expressed about the stoichiometry of antibody
binding after DNA denaturation.65,66 The disaggregation ofThe cell loss factor has a major bearing on the clinical

volume growth of a tumour. Tissue and tumour growth is samples into suspension can cause a damage artefact, while
the loss of tissue architecture and the method of analysisa dynamic disequilibrium between cell production and cell

loss. Proliferation measurements do not take into account prevents validation of the type and relationships of the
tumour and stromal cells, and their relative proportionstumour and tissue cell loss during growth. There is a

substantial disparity between the actual volume growth of and proliferative activities in the population under study.
All these factors must introduce a degree of ‘fuzziness’ intotumours as measured directly or by serial radiology and the

potential doubling time. Cell loss from tumours is caused the precision of the assays, and must be taken into account
in advance of overly zealous data interpretation.by processes which include exfoliation, cell migration or

metastasis, necrosis and apoptosis. Thus, a highly Nevertheless, dynamic proliferation indices give us a
broad and unprecedented insight into the proliferativeproliferative tumour with a high cell loss factor may remain

static in size or even regress, while a slowly proliferative biology of human tissues and tumours. A large number of
clinical tumours of many classes have now been studied fortumour with no cell loss will continue to enlarge, as will a

tumour whose cells of origin proliferate at exactly the same purposes of core research, prognosis and therapy. In part
II, we will review published and unpublished data on humanrate as in the derivative epithelium, but whose cell loss

rate is altered, for example through reduced frequency of tumour proliferation derived from the halogenated
pyrimidine assay, and its various clinical applications.programmed cell death.
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