
&p.1:Abstract The aim of this study was to examine mecha-
nisms of growth in different tissue compartments of the
ventricular myocardium of prenatal human hearts. To
this end, stereological methods were applied in order to
estimate tissue volumes and total numbers of myocyte,
connective tissue and endothelial nuclei in hearts collect-
ed after death at between 16 and 35 weeks of gestation.
Volumes of tissue compartments were obtained after
multiplying volume densities (estimated by test-point
counting) by ventricular volumes (estimated from ven-
tricular mass and tissue density). Absolute numbers of
nuclei were calculated in similar fashion from corre-
sponding nuclear packing densities (estimated using
physical disectors). The volumes of all three tissue com-
partments increased linearly over the period of gestation
examined, and in each case, the increase in tissue volume
appeared to be due entirely to proliferation. Numbers of
all three types of nuclei increased linearly whilst tissue
volumes per nucleus remained constant. The net rate of
production of myocyte nuclei was 35×107 per week (2.1
million nuclei per hour). The net rate of production of
connective tissue nuclei was 12×107 per week (0.7 mil-
lion nuclei per hour) and that for endothelial cell nuclei
was 5.1×107 per week (0.3 million nuclei per hour). Pre-
dictions are made about the postnatal ages at which adult
ratios of different nuclear types might be attained.
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Introduction

Previous studies on growth of the mammalian ventricular
myocardium during pre- and post-natal periods have
concentrated on either the total ventricle or merely the
myocytes within it. There is relatively little information
on cells in other tissue compartments [1–6, 10–13, 17,
20, 26–29, 31–34, 43, 44]. For myocytes at least, there is
a consensus that fetal and perinatal growth occurs princi-
pally by hyperplasia. Soon after birth, a transitional peri-
od in which proliferation ceases gives way to a phase in
which myocardium grows mainly by myocyte hypertro-
phy [5, 12, 38]. A similar picture, of prenatal growth
principally by an increase in nuclear number (expressed
as DNA content), is seen in the case of the entire heart
[43]. Protein-to-DNA ratios suggest that, from 13 weeks
to term, the amount of tissue protein per nucleus also in-
creases. More recent evidence suggests that ratios of
connective tissue nuclei to myocyte nuclei vary accord-
ing to developmental age before stabilising at between
2:1 and 3:1 in adults [1, 2].

Estimates of DNA and protein contents do not distin-
guish nuclei in different tissue compartments or with dif-
ferent ploidy levels [43]. In recent studies [1, 2], at-
tempts have been made to cater for variable ploidy status
by conducting differential counts of nuclei in muscle and
connective tissue. Unfortunately, they relied on counts of
nuclear profiles appearing on single tissue sections. This
approach is not satisfactory, because single sections pro-
vide a biased sample of nuclei in which apparent number
also depends on nuclear size, shape and spatial orienta-
tion [14, 15]. Single sections sample nuclei with proba-
bilities determined by their longest dimensions normal to
the plane of sectioning, a problem that can be overcome
by applying a design-based stereological device, the di-
sector. Using pairs of sections, this provides unbiased es-
timates of numbers of nuclei in 3-dimensional space by
sampling them with identical probabilities [22, 37, 41].
Previously, we and others have applied the disector suc-
cessfully to count myocyte nuclei in the ventricles of
normal and abnormal human hearts [5, 33, 38].
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The present investigation uses physical disectors to
estimate the numbers of myocyte, connective tissue and
endothelial nuclei in human ventricles separately at
16–35 weeks of gestation in utero. Results provide evi-
dence that myocardial growth in all these tissue compart-
ments is essentially hyperplastic over this period.

Materials and methods

We obtained 6 post-mortem hearts from an archive maintained by
the Department of Pathology. They were from apparently normal-
for-age subjects varying in gestational age from 16 to 35 weeks and
in fetal weight from 46 g of 2.5 kg [38]. Weights were within the
50th–90th centiles as established by ultrasound examination. In all
subjects, the heart and great vessels were in the anatomically cor-
rect positions and showed no evidence of abnormal morphology.

Heart morphometry was performed using stereological meth-
ods [16, 24, 25, 35, 36]. The mammalian heart is not homogene-
ous in composition and, during development, does not grow uni-
formly in different segments or tissue compartments [3, 19, 27, 31,
42]. Therefore, it was necessary to ensure that all parts of a given
ventricle were given an equal change of being selected. To this
end, random sampling was employed. Each heart was opened by
lateral incisions (to examine morphology and evacuate blood co-
agula) and then fixed in 10% buffered calcium-formalin solution.
Thereafter, ventricles were dissected free of atria, pericardium,
vessels and fat before weighing [18]. Left and right ventricles
were weighed separately after division of the interventricular
septum.

Sampling was uniformly random in location. Each ventricle
was cut into 2- to 3-mm3 blocks and stored in coded pots prior to
being analysed blind. Later, blocks were cut into smaller pieces,
from which 2–5 per ventricle were selected in a systematically
random manner [23]. These were embedded in JB4 acrylic resin
and cut on a Reichert-Jung Autocut microtome using Latta-Hart-
mann glass knives to provide ribbons of 4–6 serial sections. The
nominal section thickness (3 µm) was chosen to satisfy the techni-
cal requirement that the distance between the section planes of a
physical disector [22, 37, 41] should be less than the smallest lin-
ear dimension of nuclei orthogonal to the plane of sectioning. Rib-
bons were mounted on glass microslides and stained with haema-
toxylin and eosin [7].

Light microscopical fields of view were selected in a systemat-
ic random manner from reference sections and matching sites on
consecutive parallel look-up sections. The section planes of each
reference and look-up pair were separated by one section thick-
ness. Colour slide transparencies of the fields were viewed by dual
flat projection at a final linear magnification of ×5730. Magnifica-
tions were calibrated using stage micrometer scale standards. Pairs
of transparencies were viewed side by side. Each reference section
was projected onto pieces of stiff white card on which unbiased
‘forbidden line’ counting frames were drawn [21]. Each frame
sampled a tissue subfield and 21–110 (mean 54) subfields were
sampled from a given ventricle.

The numerical density , NV, of nuclei of a given type (whether
from a myocyte, connective tissue, or endothelium) within a myo-
cardium was estimated using the ventricle as the total containing
volume. Myocyte nuclei were identified as large, relatively eu-
chromatic, spheroidal or ellipsoidal nuclei occupying a central po-
sition within the cell. Connective tissue nuclei were similar in size
to those of myocytes, but more irregular in shape and heterochro-
matic. Endothelial cell nuclei were small, highly heterochromatic
and even more variable in shape. In myocardium, they belong pre-
dominantly to the rich blood capillary plexus, but they also include
endothelial cells of lymphatic vessels. The nuclei of the tunica me-
dia of vessels were excluded from counts, but this had no great im-
pact on the estimates of numbers because most of the larger arte-

ries and veins are found in the epicardium and not in the myocar-
dium.

On the disector principle, nuclei appearing in frames on refer-
ence sections were eligible for counting if they did not touch ei-
ther the forbidden lines of the frames or their extensions or appear
on the look-up sections. This number is contained in a volume of
ventricle given by the product of the tissue area bounded by the
unbiased counting frame and the mean distance between section
planes [41]. A convenient way of estimating ventricular sectional
area is to count test points, each of which is associated with a
known constant area given on the scale of the specimen, i.e. after
taking into account the areal magnification. Nuclear and point
counts were summed over all counting frames sampled from a giv-
en ventricle.

The mean distance between section planes in this study was
equal to mean section thickness on the microslide, estimated as the
difference in height of pre- and post-sectioned resin blocks mea-
sured with a micrometer screw gauge [39]. The mean thickness of
a set of 100 microtome sections was estimated to be between 2.7
and 2.9 µm.

Numbers of nuclei per ventricle were estimated by multiplying
NV by the volume of the corresponding ventricle, which was deter-
mined from ventricular mass assuming a tissue density of 1.05
g/cm3. Nuclear number obtained in this way is subject to bias, be-
cause ventricular mass was measured on fixed but not processed
tissue, whilst NV was determined for fixed and processed tissue.
However, relative biases are common, so that the final numbers
are valid for drawing comparisons. Finally, nuclear number is
equal to cell number only if each cell contains, on average, one
nucleus. Whilst this applies to connective tissue and endothelial
cells, cardiomyocytes vary in nuclear content [3, 9, 12, 26, 31].
Therefore, estimates are confined to numbers of nuclei, and no at-
tempt is made to convert these to numbers of myocytes [38].

To calculate volumes of individual tissue compartments per
nucleus, the fractions of ventricle volume occupied by myocytes,
connective tissue and blood vessels were estimated separately by
test-point counting [35, 36] using sections from the set cut for the
nuclear counts. As with numerical density estimation, the validity
of volume density depends on randomness of section location (but
not orientation).

Numbers and volumes were estimated per heart by combining
values obtained in both ventricles. Coefficients of error (CE=stan-
dard error expressed as a fraction, or percentage, of its mean) were
calculated for estimated numerical densities and total numbers of
nuclei [5]. For nuclear numerical densities, individual values of
CE(NV) were calculated according to Braendgaard et al. [8], and
from these an overall mean was determined. Repeat estimates of
total number were made on ventricles from two subjects so as to
monitor the reproducibility of number estimation, CE(N).

Relationships between age and nuclear number or volume per
nucleus were assessed by Pearson’s correlation coefficient and lin-
ear regression analysis [40]. The latter was also used to assess re-
lationships between fetal weight (the independent or predictor
variable) and various structural quantities (the dependent or out-
come variables) using log-transformed data. The regression equa-
tion for a straight line can be expressed in the form

logD=logA+(B×logI)

where D is the dependent and I the independent variable. B de-
notes the slope of the regression line and represents the exponent
(or scaling factor) of the allometric equation D=A×IB. LogA is the
intercept of the regression line on the logD axis, and A is the inte-
gration constant, i.e. the value of D for a unit amount of I. A stan-
dard error of the mean (SEM) was calculated for B.

For all statistical tests, the null hypothesis was rejected if the
probability level, P, was less than 0.05.
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Results

Changes with gestational age

Findings indicate that volumes of tissue compartments
and numbers of their nuclei increased linearly from 16 to
35 weeks of gestation, as summarised in Table 1 and
Figs. 1 and 2. From 16 to 35 weeks, there were highly
significant positive correlations between gestational age
and fetal weight, tissue volumes and numbers of nuclei
(correlation coefficient, r, equal to or greater than 0.94 in
each case). The intercepts and slopes for the regression
lines are also provided in Table 1. With the exception of
the total volume of blood vessels in myocardium (inter-
cept significant at P<0.05 and slope at P<0.01), all inter-
cepts and slopes were significantly different from zero at
a probability level of P<0.001.

In contrast, there was no evidence that tissue volume
per nucleus altered significantly between 16 and 35
weeks. The volume of myocardium per nucleus, connec-
tive tissue per nucleus and myocyte per nucleus (not
equal to mean myocyte volume, because some cells have
more than one nucleus) appeared to increase from 16 to
35 weeks, whilst the volume of blood vessel per nucleus
seemed to decline (Fig. 2). However, the slopes of the re-
gression lines were not significantly different from zero.

Changes with fetal weight

Allometric relationships were examined using log-trans-
formed variables (Table 2). The volumes of all tissue
compartments increased more or less isometrically with
fetal weight, as evidenced by the facts that exponents for
different tissues differed significantly from zero
(P<0.001) but not from unity or each other (Fig. 3). Sim-
ilar relationship were established between fetal weight
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Table 1 Coefficients for re-
gression lines of gestational
age against various morpho-
metric variables (SEM)&/tbl.c:&tbl.b:

Variables Intercept Slope Correlation
coefficient

Fetal weight (g) −2253 (145) 135 (6.09) 0.996

Tissue volumes (cm3)
Ventricles −7.52 (0.405) 0.460 (0.017) 0.997
Myocytes −4.36 (0.201) 0.268 (0.008) 0.998
Connective tissue −2.67 (0.199) 0.159 (0.008) 0.994
Blood vessels −0.356 (0.086) 0.021 (0.004) 0.945

Nuclear numbers (×109)
All nuclei −8.70 (0.509) 0.536 (0.021) 0.997
Myocytes −5.64 (0.304) 0.350 (0.013) 0.997
Connective tissue −2.19 (0.202) 0.133 (0.009) 0.992
Endothelium −0.87 (0.065) 0.053 (0.003) 0.995

Tissue volume per nucleus (µm3)
Overall 701 (181) 3.53 (7.60) 0.226
Myocytes 647 (151) 3.63 (6.37) 0.274
Connective tissue 971 (266) 4.92 (11.2) 0.215
Blood vessels 551 (305) −5.87 (12.8) −0.223

&/tbl.b:

Fig. 1 Relationships between nuclear number and gestational age
for different types of nuclei in fetal ventricles (myo myocyte nu-
clei, ct connective tissue nuclei, end endothelial cell nuclei, all
myo+ct+end) &/fig.c:

Fig. 2 Relationships between compartment volume per nucleus
and gestational age for different tissue types in fetal ventricles
(myo myocytes, ct connective tissue, bv blood vessels, all
myo+ct+bv) &/fig.c:



and nuclear numbers (Fig. 4). When all nuclear types
were considered together, total number increased with
fetal weight raised to the power 0.996 (0.043) with a
correlation coefficient of r=0.996. When considered sep-
arately, the number of myocyte nuclei increased with fe-
tal body weight raised to the power 0.959 (0.037),
r=0.997. For connective tissue and endothelial nuclei,
corresponding figures were 1.045 (0.053), r=0.995 and
1.216 (0.132), r=0.977. Again, all constants and expo-
nents were significantly different from zero (P<0.001)
but slopes were not significantly different from unity or
from each other.

In contrast, and as for gestational age, tissue volumes
per nucleus did not increase significantly with fetal
weight. Exponents of the regression lines of weight
against tissue compartment volumes per nucleus were
not significantly different from zero.

Precision of number estimation

Between 65 and 402 (mean 182) nuclei (all three types
together) were counted per ventricle, and 280–592 (mean
363) nuclei were counted per subject. Assuming, for the
sake of calculation, that the myocardium is homogene-
ous and sampling was independent, the maximum pre-
dicted coefficient of error is about 7% for a total count of
182 nuclei per ventricle and 5% for a count of 363 nuclei
per heart. However, the nuclei of myocytes and connec-
tive tissue cells occurred more frequently than those of
endothelial cells. Consequently, the numerical densities
and absolute numbers of myocyte and connective tissue
nuclei were estimated with greater precision. Predicted
group mean coefficients of error for the numerical densi-
ties, CE(NV), of different nuclear types were 8% (con-
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Table 2 Coefficients for re-
gression lines of log W (fetal
weight) against various mor-
phometric variables. Mean
(SEM)&/tbl.c:&tbl.b:

Variables Constant Exponent Correlation
coefficient

Tissue volumes (cm3)
Ventricles 0.00334 1.014 (0.050) 0.995
Myocytes 0.00215 1.003 (0.040) 0.997
Connective tissue 0.00079 1.051 (0.025) 0.999
Blood vessels 0.00006 1.138 (0.137) 0.972

Nuclear numbers (×109)
All nuclei 0.00451 0.996 (0.043) 0.996
Myocytes 0.00387 0.959 (0.037) 0.997
Connective tissue 0.00076 1.045 (0.053) 0.995
Endothelium 0.00009 1.216 (0.132) 0.977

Tissue volume per nucleus (µm3)
Overall 655 0.028 (0.048) 0.277
Myocytes 557 0.044 (0.041) 0.472
Connective tissue 1040 0.005 (0.058) 0.047
Blood vessels 605 −0.078 (0.165) −0.229

&/tbl.b:

Fig. 3 Log–log plot of relationships between tissue compartment
volumes and fetal weight (ventventricles, myomyocytes, ct con-
nective tissue, bv blood vessels)&/fig.c:

Fig. 4 Log–log plot of relationships between nuclear number and
fetal weight (myomyocyte nuclei, ct connective tissue nuclei, end
endothelial cell nuclei, all myo+ct+end) &/fig.c:



nective tissue), 9% (myocytes) and 27% (endothelium).
Predicted group mean CE(N) values amounted to 10%
(myocytes), 17% (connective tissue) and 28% (endothe-
lium).

Discussion

The present study has provided direct evidence, using
unbiased stereological counting procedures, that growth
of the human ventricular myocardium from 16 to 35
weeks of gestation involves continuous proliferation of
myocyte, connective tissue and endothelial nuclei. The
results suggest that the three main tissue compartments
(myocytes, connective tissue, blood vessels) expand lin-
early during this period of gestation and the volume
changes are commensurate with the increases in fetal and
ventricular mass. Similarly, numbers of different types of
nuclei increase linearly with gestational age and are
commensurate with the increase in fetal mass. When the
changes in compartment volumes are related to nuclear
type and number, there were no significant differences in
compartment volume per nucleus with time or fetal size.
This implies that the mechanism underlying the increas-
es in compartment volumes is proliferation, and not cell
hypertrophy or interstitial growth. Clearly, these findings
hold for the period from 16 to 35 weeks and should not
be extrapolated to earlier or later stages of gestation
without experimental verification. However, there is
some evidence that changes in myocyte number continue
to term and into the early postnatal period [5].

Our findings concerning total compartment volumes
(connective tissue, myocytes, blood vessels) and num-
bers of myocyte nuclei are entirely in accord with recent
estimates obtained in an investigation of human fetuses
from 12 to 36 weeks of gestation [33]. These authors
demonstrated significant increases in numbers of myo-
cyte nuclei and the relative volume of interstitium (de-
fined as connective tissue, non-myocyte cells, vessels
and nerves). Our regression equation for myocytes pre-
dicts a complement of about 7×109 nuclei at 36 weeks of
gestation and 9×109 nuclei by full term. In earlier stud-
ies, the actual numbers observed at 42 gestational weeks
and 40 postnatal weeks were 9–10×109 [5, 38]. There is
also excellent agreement with the numbers of nuclei
found at 36 weeks (almost 6×109) in an independent ste-
reological study based on the use of optical directors (see
Fig. 3 in [33]). These predictions and findings are con-
sistent also with the results of studies on hearts from var-
ious mammals, mainly rodents, which have suggested
that the proliferation of myocyte nuclei stops at 2–3
postnatal weeks and that thereafter, growth occurs by hy-
pertrophy of individual myocytes. There is evidence that
cardiac interstitium is responsible for producing factors
that stimulate the growth of cardiomyocytes [30].

It is predicted further that connective tissue nuclei
would be numerically equal to myocyte nuclei by about
50 postnatal weeks, whilst endothelial nuclei would not
attain parity until the 3rd postnatal year. In a recent study

of nuclearity estimated from DNA contents [1], it was
estimated that the ratio of connective tissue nuclei to
myocyte nuclei in adults hearts is roughly 2.5:1. The
present study suggests that this ratio would be achieved
by about 3 years of age.

The net rate of production of myocyte nuclei from 16
to 35 weeks was constant at about 3–4×108 per week.
Corresponding figures for connective tissue and endothe-
lium nuclei were 1–2×108 and 5–6×107 per week. These
are equivalent to production rates of roughly 2 million
(myocytes), 0.7 million (connective tissue) and 0.3 mil-
lion (endothelial cells) nuclei per hour. If we take a sim-
plistic model in which nuclei arise from a single ancestor
that divides into two daughters, each of which leads to
subsequent generations by successive karyokineses, it is
possible to make predictions about the number of gener-
ations (g) needed in order to produce the numbers of nu-
clei observed. On this scheme, the nuclear populations
present at 35 weeks of gestation would be attained by
32.6 (myocytes), 31.2 (connective tissue) and 29.9 (en-
dothelium) generations. These values imply that nuclear
complements are produced by an average of 0.85–0.93
generations per week. Alternatively, the nuclear comple-
ments double every 7–9 days. The generation and dou-
bling rates vary at different stages of gestation [38]. Few-
er generations per week (longer doubling times) are re-
quired as gestation advances, reflecting the expanding
pools of different nuclear types available for each suc-
cessive generation. It seems likely that a progressively
smaller proportion of nuclei (the growth fraction) is
needed at each successive stage in order to generate the
subsequent complement of nuclei of any given type.

Other findings confirm some, but not all, of the con-
clusions drawn by Mandarim-de-Lacerda et al. [33] in a
study conducted on subjects between 12 and 36 weeks of
gestation. They noted a decrease in the volume density
of myocytes and an increase in the volume density of in-
terstitium during this period, and our observations on
compartment volumes are consistent with that interpreta-
tion. However, they also found a small but significant in-
crease in the volume of myocyte per nucleus between 12
and 36 weeks of gestation. Whilst our regression equa-
tions for myocyte volumes between 16 and 35 weeks ap-
pear, at first sight, to be consistent with this observation,
the slopes of the regression lines were not significant.
Nor did myocyte volume per nucleus increase signifi-
cantly with fetal weight over the range encompassed in
the present investigation. Clearly, further studies with
larger sample sizes are required to resolve this inconsis-
tency.

In future studies, these baseline values will be com-
pared with stereological estimates obtained from hearts
associated with cases of intrauterine growth retardation.
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