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The genetic and envi ronmental  determinants of var iation in blood cel l  size and number  were
investigated in 392 pai rs of 12-year-old twins. The fol lowing blood cel l  indices were measured:
haemoglobin, red blood cel l  count, haematocr i t, mean corpuscular  volume, platelet number, total
whi te cel l  count, level  of neutrophi ls, monocytes, eosinophi ls, total  lymphocytes, CD3

+
lympho-

cytes, CD4
+

lymphocytes, CD8
+

lymphocytes, CD19
+

lymphocytes, CD56
+

lymphocytes and
CD4

+
/CD8

+
ratio. Genetic factors contr ibuted significantly to al l  blood cel l  measures accounting

for  between 61 and 96% of var iance. Her i tabi l i ty estimates did not di ffer  significantly between
males and females, al though the sample size of the present study was not large enough to exclude
the possibi l i ty of sex-l imi ted gene expression. Common envi ronmental  factors were impor tant in
determining red blood cel l  count and haematocr i t, but were not impor tant in determining basal
levels of any whi te blood cel l  type.
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Introduction

There is considerable variation in the number and
size of blood cel ls between individuals. Intra-indi -
vidual ly, however, many blood cel l  measurements
remain stable longi tudinal ly during periods of
heal th. Red cel l  and platelet indices change l i ttle
over the course of 12 months, whi lst levels of the
various leukocyte sub-types exhibi t more varia-
tion.

1–4
The existence of steady state levels across

time for many blood cel l  counts impl ies that these
indices are subject to homeostatic regulation. An
understanding of the factors underlying this homeo-
stasis is desi rable not only from a theoretical  per-
spective, but also practical ly, in terms of identi fying
new therapeutic possibi l i ties in pathological  states
characterised by abnormal  blood cel l  counts (eg
idiopathic aplastic anaemia, neutropenia etc).

The large inter-individual  variation observed in
many blood cel l  counts suggests that at least part of
this homeostatic control  may be genetic. Several
smal l  tw in studies have found significant genetic
influences in the maintenance of red cel l  indices
including haemoglobin level ,

5,6
red blood cel l

count,
5–7

haematocri t,
5

mean corpuscular volume,
5,7

and also platelet count.
6

However, Yokoyama and

Akiyama
8

in a study involving 154 pai rs of tw ins
found significant heri tabi l i ty in these variables for
males, but not females. Likewise, Dal  Col letto et al

6

in a study of 105 same sex twin pai rs found only a
suggestion of addi tive genetic influences for haema-
tocri t and mean corpuscular volume and no sig-
nificant heri tabi l i ty for platelet count. The discrep-
ancy in resul ts between these studies is probably due
to the smal l  sample sizes employed. In order to
obtain accurate estimates of the degree of genetic
influence on a quanti tative trai t of high heri tabi l i ty, a
sample size of around 200 pai rs of tw ins is needed –
the figure being much higher for trai ts of low
heri tabi l i ty.

9

Only a few studies have examined the possibi l i ty
that levels of leukocytes are genetical ly regulated.
Yokoyama and Akiyama

8
found high correlations for

MZ (monozygotic) relative to DZ (dizygotic) tw ins
for natural  ki l ler cel ls, helper T cel ls and CD4

+
to

CD8
+

cel l  ratio. However, the smal l  number of DZ
twins (36 pai rs of tw ins) used in this study may not
have provided accurate estimates of DZ correlations.
In contrast, two other studies fai led to find sig-
nificant genetic influences accounting for total  whi te
cel l  count, neutrophi ls, monocytes, eosinophi ls,
lymphocytes or T and B cel l  counts.

6,10
Again, both

these studies used smal l  numbers of tw ins (26 and
105 pai rs of tw ins, respectively).

The present study investigated the possibi l i ty that
the number and size of erythrocytes, platelets and
leukocytes are regulated by genetic mechanisms.
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Twins were measured on a variety of indices includ-
ing haemoglobin, red blood cel l  count, haematocri t,
mean corpuscular volume, platelet count, whi te
blood cel l  count, level  of neutrophi ls, monocytes,
eosinophi ls, basophi ls, total  lymphocytes, CD3

+

lymphocytes, CD4
+

lymphocytes, CD8
+

lympho-
cytes, CD19

+
lymphocytes, CD56

+
lymphocytes and

CD4
+
/CD8

+
ratio. Measurements were made in a

sufficiently large number of tw in pai rs to provide
accurate estimates of heri tabi l i ty. It was hypoth-
esised that addi tive genetic influences would con-
tribute significantly to the variation observed in al l
blood cel l  measures.

Mater ials and methods

Subjects and measures

Data were col lected in the context of an ongoing
study on the development of melanocytic naevi
(moles), the cl inical  protocol  of which has been
described in detai l  elsewhere.

11–13
Twins were

enl isted by contacting the principals of primary
schools in the greater Brisbane area, media appeals
and by word of mouth. Informed consent was
obtained from al l  participants and parents prior to
testing. Data were col lected from May 1992 to
February 1999. The data reported here concern the
first 395 pai rs of tw ins col lected.

Twins were tested as close as possible to thei r 12th
bi rthday. No attempt was made to exclude subjects
suffering from i l lness. Venous blood was col lected
into a 5 ml  EDTA tube. Total  blood haemoglobin g/ l
(HB), red blood cel l  count � 10

12
/ l  (RBC), mean

corpuscular volume fl (MCV), platelet count
( � 10

9
/ l ) and whi te blood cel l  count ( � 10

9
/ l ) were

measured using a Coul ter Model  STKS blood
counter. From the RBC and MCV estimates, the
machine calculated the haematocri t (HT). A five-part
di fferential , providing estimates for neutrophi l ,
monocyte, eosinophi l , basophi l  and lymphocyte
concentrations was based on an automated di ffer-
ential  count. The lymphocyte subset analysis was
performed on whole blood using the AutoPrep
(Coul ter, Hi leah, FL, USA), and di rect fluorochrome
conjugated monoclonal  antibodies to CD3, CD4,
CD8, CD19 and CD56 antigens (Coul ter). Analysis
was performed on an Epics 753 cytofluorograph
(Coul ter) using standardised control  samples and
machine settings. The absolute numbers of CD3

+
,

CD4
+
, CD8

+
, CD19

+
and CD56

+
cel ls were calcu-

lated as percentages of the total  lymphocyte count. It
was these absolute numbers that were used for
analyses of the lymphocyte subsets.

Zygosi ty was determined by typing eight highly
polymorphic DNA microsatel l i te markers and three
blood groups (ABO, MNS, Rh). In 27 pai rs of tw ins

where DNA was not avai lable, zygosi ty was judged
by simi lari ty of appearance.

Statistical analysis

Maximum l ikel ihood (ML) analysis of individual
observations was used to test hypotheses concerning
means, variances and covariances.

12
Significant tw in

correlations establ ish the presence of fami l ial  aggre-
gation for a trai t, but do not distinguish between the
possible mechanisms through which simi lari ty
arises. Phenotypic variation can be conceived as
arising from four sources of variation: Addi tive
genetic (A), dominant genetic (D), and common
envi ronmental  (C) sources which serve to make
sibl ings more al ike, and random envi ronmental
sources (E) which make sibl ings more di fferent. The
task is to determine what combination of A, C, D and
E provides the most parsimonious fi t to the observed
data. The task is somewhat compl icated by the fact
that C and D are negatively confounded so that they
cannot be estimated concurrently in a study of MZ
and DZ twins reared together. This does not imply
that C and D cannot both contribute to the pheno-
typic variance of a trai t, rather they cannot be
estimated simul taneously wi th data from twins
alone.

In the present study A, C, E and D were estimated
through structural  equation model l ing (SEM) using
the software package Mx.

14
For each variable, the ful l

ACE model , or when the MZ correlation was greater
than twice the DZ correlation, the ADE model , was
fitted to the raw data. Subsequent, more simpl ified
models were fi tted to test whether A, C (or D) or both
parameters could be dropped from the ful l  model .
The fi t of each submodel  was assessed by the
di fference in log l ikel ihood between the sub and ful l
models.

12
Twice the di fference in log l ikel ihood is

distributed as ∆�2
wi th the degrees of freedom (df)

for this test equal  to the di fference in df between the
ful l  and sub-model .

Resul ts

Of the 395 pai rs of tw ins recrui ted, blood specimens
were unsui table for analysis in three pai rs. The data
from one twin were excluded from further analyses
because of aplastic anaemia. Thus, data were avai la-
ble for 72 MZ female, 66 MZ male, 62 DZ female,
72 DZ male and 120 opposi te sex (OS) twin pai rs
(consisting of 57 pai rs where the female was born
first and 63 pai rs where the male was born first). The
means and standard deviations of al l  blood measure-
ments for males and females are l isted in Table1.
Basophi ls were excluded from analyses because the
number of cel ls was too smal l .
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Al l  variables were examined for the presence of
genotype � envi ronment (G � E) interactions.
G � E interaction occurs when genotypes di ffer in
thei r susceptibi l i ty to envi ronmental  agents. The
presence of a G � E interaction confounds any
attempt to decompose phenotypic variance into
simple addi tive and envi ronmental  components.
The presence of a G � E interaction was tested by
plotting the absolute di fference in raw scores for a
variable against the sum of scores for each variable

15

for MZ twin pai rs only (Table2). Since MZ twins
share al l  thei r genes in common, the di fference
between MZ twins can only be due to envi ronmental
causes. Simi larly, the sum of MZ twin scores
provides an estimate of genetic effects. A significant

correlation between the two indicates the presence
of G � E interaction.

Since G � E interactions are scale dependent,
they can usual ly be removed by an appropriate
transformation (Table2). Total  lymphocyte count,
CD4

+
, CD8

+
, and CD19

+
lymphocyte counts were

transformed using a square root transformation.
Concentrations of neutrophi ls, monocytes, CD56

+

NK cel ls and CD4
+
/CD8

+
ratio were transformed

using log transformations (ie log10(X)). Eosinophi l
concentration was transformed using the calculation
log10(X + 0.05). WBC was transformed using the
calculation log10(X – 1.0). As this study was con-
cerned wi th normal  populations, scores greater than
3.5 standard deviations from the mean were
excluded from further analyses. Note that al l  meas-
ures derived from the outlying variable were
excluded from the analyses too (eg i f a subject’s
lymphocyte count was greater than 3.5 standard
deviations from the mean, the subject’s scores on al l
lymphocyte subsets were also excluded from analy-
ses). Four subjects’ scores were removed from RBC
(3.56, 3.56, 6.25, 6.30 cel ls/ l � 10

–12
) and MCV (62,

64, 96, 97 fl) and therefore also from HT; one from
platelet count (509 cel ls/ l � 10

–9
); three from mono-

cytes (0.16, 1.98, 2.58 cel ls/ l � 10
–9

); four from total
lymphocytes (5.25, 5.30, 5.43, 5.89 cel ls/ l � 10

–9
)

and thus al l  lymphocyte subsets; plus an extra two
from CD3

+
lymphocytes (3.47, 3.48 cel ls/ l � 10

–9
);

four from CD8
+

lymphocytes (0.08, 1.58, 1.73,
1.88 cel ls/ l � 10

–9
); one from CD19

+
B cel ls

(1.35 cel ls/ l � 10
–9

) and three from CD56
+

NK cel ls
(0.01, 0.88 cel ls/ l � 10

–9
). Subjects excluded from

total  lymphocytes, CD4
+

T cel ls and CD8
+

T cel ls
were not included in the analysis of CD4

+
/CD8

+

ratio.
Correlations between the transformed variables

are displayed in Table3. HB, RBC and HT correlated
highly wi th one another, but did not correlate wi th

Table 1 Means and standard deviations for male and female twins on blood cel l  measures

Females Males
Variable Units Range N Mean SD N Mean SD

Haemoglobin g/ l 107–162 385 133.99 8.64 387 135.11 7.68
Red cel l  count Cel ls/ l  × 10–12 3.56–6.30 385 4.67 0.32 387 4.75 0.33
Haematocri t L/ l 0.318–0.481 385 0.398 0.02 387 0.399 0.02
Mean corpuscular volume fL 62–97 385 85.34 3.37 387 84.29 3.61
Platelet count Cel ls/ l  × 10–9 145–509 384 285.92 56.82 387 283.56 57.49
Whi te cel l  count Cel ls/ l  × 10–9 3.5–14.3 385 7.30 1.58 387 7.04 1.80
Neutrophi ls Cel ls/ l  × 10–9 1.34–10.61 368 3.71 1.18 353 3.40 1.25
Monocytes Cel ls/ l  × 10–9 0.16–2.58 368 0.53 0.20 353 0.55 0.20
Eosinophi ls Cel ls/ l  × 10–9 0.00–2.48 368 0.37 0.29 353 0.46 0.35
Lymphocytes Cel ls/ l  × 10–9 0.90–5.88 385 2.62 0.62 392 2.56 0.64
CD3+ T cel ls Cel ls/ l  × 10–9 0.58–4.24 385 1.86 0.48 392 1.77 0.46
CD4+ T cel ls Cel ls/ l  × 10–9 0.43–2.61 385 1.13 0.32 392 1.03 0.28
CD8+ T cel ls Cel ls/ l  × 10–9 0.08–1.88 385 0.63 0.22 392 0.62 0.23
CD19+ B cel ls Cel ls/ l  × 10–9 0.17–1.35 385 0.50 0.17 392 0.51 0.18
CD56+ NK cel ls Cel ls/ l  × 10–9 0.01–0.88 354 0.20 0.13 337 0.20 0.13
CD4+/CD8+ ratio 0.27–6.00 385 1.93 0.63 392 1.78 0.59

Table 2 Correlation between the absolute di fference and sum of
co-twin scores for female (r F; 63–71 pai rs) and male (r M; 47–65
pai rs) MZ twins before and after transformation

Before After
Variable rF rM rF rM

Haemoglobin –0.01 0.02 NA NA
Red cel l  count 0.17 –0.03 NA NA
Haematocri t 0.03 –0.07 NA NA
Mean corpuscular volume –0.06 0.04 NA NA
Platelet count 0.16 0.15 NA NA
Whi te cel l  countc 0.26a 0.36b 0.07 0.20
Neutrophi lsc 0.36b 0.40b 0.07 0.10
Monocytesc 0.31b 0.37b –0.10 0.24
Eosinophi lsc 0.82b 0.44b 0.20 –0.02
Lymphocytesd 0.05 0.25a 0.11 0.12
CD3+ T cel ls –0.06 0.18 NA NA
CD4+ T cel lsd 0.04 0.24 –0.04 0.10
CD8+ T cel lsd 0.12 0.27a –0.08 0.11
CD19+ B cel lsd 0.07 0.21 –0.11 0.02
CD56+ NK cel lsc 0.57b 0.43b 0.09 –0.20
CD4+/CD8+ ratioc 0.45b 0.38b 0.18 0.13

aP <0.05; bP <0.01; cvariable transformed using a logari thmic
function; dvariable transformed using a square root function;
NA = Not appropriate
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the majori ty of whi te blood cel l  subsets. MCV
correlated highly wi th RBC, but not wi th HB, HT or
the whi te blood cel l  groups. Most whi te blood cel l
subsets correlated highly wi th one other, but did not
correlate wi th the haematological  variables. Platelets
correlated moderately wi th most whi te cel l  subsets,
but not wi th the red cel l  indices.

Hypotheses concerning means

It is necessary to demonstrate that means and
variances are equal  across di fferent zygosi ty groups
to establ ish regulari ty and randomness of sampl ing.
Once this is demonstrated, means and variances can
be pooled across the di fferent zygosi ty groups to give
a better estimate of the underlying population mean
and variance.

Each of the five zygosi ty groups has two sample
means (for tw in 1 and twin 2), two variances and a
covariance, giving a total  of 10 means, 10 variances
and 5 covariances. Thus, ini tial ly a ful ly saturated
model  wi th 25 parameters (H0) was estimated. Sub-
sequent more simpl ified models were tested by
calculating a di fference in log l ikel ihood �2

test
against the preceding model  (Table4a). Because of
the large number of statistical  tests performed, each

test was evaluated wi th respect to an alpha level  of
0.01.

The first sub-model  (H1m) equated means for
twin 1 and twin 2 wi thin same sex pai rs. As twin 1
was always the first tw in born in each pai r, H1m
tested for the presence of bi rth order effects. H2m
equated means across same sex MZ twins and
equated means across same sex DZ twins. Thus,
H2m tested for homogenei ty of means between MZ
and DZ twins wi thin l ike-sex twin pai rs. H3m
equated means across al l  female twins and equated
means across al l  male twins, thus testing homoge-
nei ty of means between MZ and DZ twins wi thin al l
female twins and wi thin al l  male twins. Final ly,
H4m equated al l  means, testing for di fferences
between male and female means.

Males and females di ffered significantly in thei r
means for RBC, MCV, neutrophi l  count, eosinophi l
count, level  of CD4

+
lymphocytes and CD4

+
/CD8

+

ratio (Table5). Thus, di fferent means for males and
females were retained in future analyses of these
variables. A l l  other comparisons were not sig-
nificant, so the means of the remaining variables
were pooled across the di fferent sex and zygosi ty
groups.

Hypotheses concerning variances

The same set of contrasts that were used to test
di fferences between means were used to test for

Table 3 Correlations between blood cel l  measures in 12-year old female (N = 339–385) and male (N = 303–387) twins after pai rwise
deletion of missing data

FEMALES
Hb Rbc Ht Mcv Plt Wbc Neu Mon Eos Lym CD3 CD4 CD8 B Nk 4/8

Haemoglobin 0.80 0.95 0.12 0.11 0.05 0.07 0.11 –0.01 –0.01 –0.05 –0.08 –0.01 –0.06 0.15 –0.06
Red cel l  count 0.79 0.82 –0.42 0.12 0.04 0.02 0.11 –0.04 0.02 –0.02 –0.04 0.00 –0.04 0.17 –0.05
Haematocri t 0.94 0.81 0.16 0.12 0.09 0.09 0.10 0.01 0.01 –0.03 –0.06 0.00 –0.05 0.14 –0.05
Mean corpuscular –0.01 –0.55 0.03 –0.02 0.07 0.11 –0.03 0.01 –0.02 –0.03 –0.02 –0.01 0.00 –0.07 0.00

volume
Platelets (Pl t) –0.02 0.02 –0.02 0.06 0.36 0.27 0.20 0.13 0.29 0.24 0.25 0.14 0.22 0.16 0.07
Whi te cel l  count 0.07 0.06 0.13 0.06 0.29 0.87 0.35 0.36 0.57 0.53 0.51 0.41 0.43 0.21 0.00
Neutrophi ls (Neu) 0.03 0.02 0.08 0.07 0.21 0.87 0.23 0.16 0.20 0.18 0.21 0.13 0.20 0.05 0.05
Monocytes (Mon) 0.06 0.08 0.09 –0.03 0.15 0.49 0.38 0.12 0.21 0.19 0.13 0.19 0.08 0.15 –0.09
Eosinophi ls (Eos) 0.08 0.04 0.10 0.06 0.14 0.44 0.16 0.16 0.16 0.18 0.17 0.13 0.13 –0.04 0.02
Lymphocytes (Lym) 0.08 0.06 0.13 0.07 0.24 0.61 0.25 0.20 0.29 0.94 0.86 0.73 0.66 0.37 –0.03
CD3+ T cel ls (CD3) 0.01 0.00 0.07 0.07 0.18 0.50 0.18 0.13 0.24 0.92 0.89 0.78 0.49 0.21 –0.06
CD4+ T cel ls (CD4) –0.01 –0.08 0.03 0.16 0.16 0.41 0.12 0.10 0.25 0.80 0.84 0.51 0.51 0.17 0.33
CD8+ T cel ls (CD8) 0.03 0.04 0.07 0.00 0.12 0.36 0.10 0.11 0.14 0.69 0.78 0.49 0.33 0.21 –0.63
CD19+ B cel ls (B) 0.06 –0.05 0.08 0.19 0.18 0.48 0.25 0.17 0.34 0.63 0.45 0.49 0.26 0.02 0.08
CD56+ NK cel ls (NK) 0.25 0.28 0.29 –0.07 0.03 0.26 0.11 0.23 0.12 0.34 0.18 0.12 0.20 –0.03 –0.09
CD4+/CD8+ ratio (4/8) –0.06 –0.11 –0.05 0.12 –0.01 –0.07 –0.01 –0.05 0.06 –0.08 –0.15 0.29 –0.68 0.11 –0.12

M
A
L
E
S

Table 4a Contrasts used to test hypotheses about means (m)
and variances (v) in the analysis of individual  observations for
twin pai rs

H0m,v H1m,v H2m,v H3m,v H4m,v

Zygosity
group T1 T2 T1 T2 T1 T2 T1 T2 T1 T2

1. MZFF 1 2 1 1 1 1 1 1 1 1
2. MZMM 3 4 2 2 2 2 2 2 1 1
3. DZFF 5 6 3 3 1 1 1 1 1 1
4. DZMM 7 8 4 4 2 2 2 2 1 1
5. DZOS 9 10 5 6 3 4 1 2 1 1

Table 4b Contrasts used to test hypotheses about covariances
(c) in the analysis of individual  observations for tw in pai rs

Zygosity group H0c H1c H2c H3c H4c

1. MZFF 1 1 1 1 0
2. MZMM 2 1 1 1 0
3. DZFF 3 2 2 1 0
4. DZMM 4 2 2 1 0
5. DZO 5 3 2 1 0
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di fferences between variables (Table4a). As none of
these comparisons were significant (Table5) vari -
ance estimates were pooled across al l  sex and
zygosi ty groups.

Hypotheses concerning covariances

Whi lst i t is important to test that means and
variances are equal  across di fferent zygosi ty groups
to establ ish regulari ty and randomness of sampl ing,
i t is the pattern of covariance across di fferent
zygosi ty groups that is the focus of tw in studies. The
correlation for al l  five zygosi ty groups is displayed in
Table6. If a trai t is genetical ly influenced, the
correlation between MZ twins should be signifi-
cantly greater than the correlation between DZ
twins. However, the size and aetiology of genetic
variation between males and females are not neces-
sari ly the same. This is known as sex l imi tation.
‘Scalar’ sex l imi tation occurs when the same set of
genes operates in males and females, but the magni -
tude of the genetic effect di ffers between the sexes.
Non-scalar sex l imi tation occurs when di fferent
genes in males and females affect expression of the
phenotype.

16
The contrasts used to test for the

presence of these effects are l isted in Table4b.
Al l  sub-models were tested wi th respect to a

saturated ful l  model  where al l  covariances were
unequal  (H0c). H1c equated the covariances of MZ

twins, and equated the covariances of same-sex DZ
twins. Thus, the comparison between H1c and H0c
tested for the presence of scalar sex l imi tation. H2c
equated the covariances of MZ twins and the
covariances of al l  DZ twins. The comparison
between H2c and H1c therefore tested for the
presence of non scalar sex l imi tation. H3c equated
al l  covariances. H3c tested whether variance on a
trai t was influenced by genetic factors. Final ly, H4c
set al l  covariances to zero and thus tested for the
presence of fami l ial  aggregation.

Resul ts of these tests are shown in Table5. A l l
variables displayed highly significant di fferences in
�2

values between H3c and H2c indicating that
genetic effects explained significant portions of
variance on al l  measures. Simi larly, there was a
significant di fference between H4c and H3c across
al l  variables, indicating that fami l ial  aggregation was
present for al l  variables tested.

Structural equation model l ing of genetic
hypotheses

The presence of sex l imi tation was tested by fi tting a
sex l imi tation model  to each of the variables. The
ful l  sex l imi tation model  estimated seven parameters
– A, C and E for females, A, C and E for males – and

Table 5 Di fference in log l ikel ihood ∆χ2 for tests concerning means (M), variances (V) and covariances (C) of blood cel l  measurements
in 392 pai rs of 12-year-old twins

Model d.f. HB RBC HT MCV PLT WBC NEUT LYM MON EOS CD3 CD4 CD8 B NK 4/8

H1M 4 2.21 1.64 1.62 1.79 7.32 1.19 1.90 2.39 6.72 4.48 1.63 0.74 4.64 3.06 7.34 7.29
H2M 2 2.62 0.25 1.91 3.50 0.32 1.43 2.00 3.20 0.87 1.79 5.89 5.43 4.03 1.28 2.31 0.96
H3M 2 0.72 0.99 1.32 3.08 1.38 0.47 0.03 0.77 1.05 3.40 0.33 0.06 1.30 0.46 3.27 2.22
H4M 1 3.26 9.79b 0.41 15.02b 0.85 5.50 12.90b 1.61 1.21 12.78b 4.77 20.84b 0.00 0.01 0.00 16.26b

H1V 4 3.05 1.74 3.94 2.17 4.11 6.91 11.45 2.25 6.60 4.29 3.74 1.73 7.03 3.14 0.20 4.55
H2V 2 1.78 0.50 7.46 6.67 8.43 5.68 6.55 1.96 2.25 1.34 1.07 4.16 2.96 0.29 1.70 4.24
H3V 2 1.06 0.04 7.69 4.66 1.94 1.80 0.53 1.31 3.89 1.72 1.96 8.97 1.06 2.52 5.29 2.64
H4V 1 3.11 0.15 2.97 0.36 0.02 4.82 4.52 0.19 3.88 2.58 0.04 1.54 1.23 1.06 1.47 0.43

H1C 2 0.14 0.71 1.54 3.17 2.77 0.95 4.19 0.11 4.24 2.94 0.42 0.20 1.03 1.37 0.21 0.44
H2C 1 3.99 4.48 1.95 0.34 0.12 3.78 1.05 2.78 0.31 0.05 5.24 0.78 2.40 0.23 0.41 0.66
H3C 1 45.95b 53.42b 24.93b 180.08b 32.76b 19.16b 15.99b 19.08b 8.03a 21.02b 27.22b 27.27b 35.83b 30.97b 10.06b 41.08b

H4C 1 169.26b 220.56b 184.58b 204.57b 151.98b 136.26b 93.75b 121.50b 93.45b 90.28b 120.27b 122.98b 142.24b 121.01b 101.71b 178.84b

aP<0.01; bP<0.001

Table 6 Twin correlationsa for five sex/zygosi ty groups (from H0c) and for total  MZ and total  DZ pai rs (from H2c)

ZYG Pairs HB RBCb HT MCV b PLT WBC NEU b MON EOS LYM CD3 CD4b CD8 B NK 4/8b

MZF 72 0.84 0.86 0.72 0.97 0.86 0.68 0.67 0.66 0.63 0.73 0.74 0.73 0.83 0.77 0.70 0.85
MZM 66 0.83 0.87 0.76 0.97 0.77 0.75 0.75 0.60 0.76 0.70 0.74 0.75 0.78 0.74 0.65 0.85
DZF 62 0.58 0.60 0.63 0.38 0.43 0.55 0.46 0.33 0.38 0.50 0.49 0.46 0.56 0.40 0.35 0.42
DZM 72 0.60 0.66 0.65 0.60 0.46 0.49 0.38 0.59 0.36 0.50 0.57 0.46 0.47 0.45 0.36 0.50
DZO 120 0.43 0.47 0.60 0.44 0.48 0.32 0.31 0.39 0.34 0.33 0.31 0.37 0.36 0.38 0.48 0.54

MZ 138 0.83 0.87 0.82 0.96 0.80 0.70 0.66 0.64 0.69 0.70 0.74 0.73 0.80 0.75 0.67 0.84
DZ 254 0.51 0.56 0.51 0.47 0.47 0.44 0.38 0.42 0.35b 0.43 0.41b 0.40 0.45 0.40 0.43 0.51

abased on models H4m and H4v; bbased on models H3m and H4v
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an estimate of the addi tive genetic correlation
between opposi te sex twin pai rs. Constraining the
addi tive genetic correlation between opposi te sex
twin pai rs to 0.5 did not resul t in a significantly
worse fi t compared wi th the ful l  model  for any
variable, al though the di fference in log l ikel ihood �2

values for haemoglobin and red blood cel l  count
approached significance (HB: ∆2

�1 = 2.96, P = 0.09;
RBC: ∆2

�1 = 2.14, P = 0.14). Constraining A, C and E
equal  across sexes also did not produce a sig-
nificantly worse fi t compared wi th the ful l  sex
l imi tation model  for any variable. There was, how-
ever, a significant di fference between an AE sub-
model  wi th di fferent estimates of A and E for males
and females, and an AE model  wi th equal  estimates
for males and females for the neutrophi l  variable
(∆2

�2 = 6.31, P = 0.04).
Thus for al l  variables, A, C and E were constrained

equal  across sexes and sub-models were fi tted to test
whether A, C or both parameters could be dropped
from the ful l  model . The resul ts of the model  fi tting
and standardised variance estimates for the sig-
nificant parameters are presented in Table7. An ACE
model  provided the best fi t for RBC and HT. An AE
model  provided the best fi t for al l  the other con-
tinuous measures. Estimates of addi tive genetic
influences ranged from 0.61 to 0.96. It must be noted
that the resul ts for CD4

+
/CD8

+
ratio (unl ike the

other variables) depended upon the exclusion of
outl iers. When outl iers were included in the analy-
sis, common envi ronmental  effects reached sig-
nificance (∆2

�1 = 4.40, P = 0.04; A = 0.64, C = 0.20,
E = 0.17).

Discussion

There was enormous inter-individual  variation in
the blood cel l  measures of 12-year-old twins, partic-
ularly in whi te cel l  counts and lymphocyte subsets.
The present study has demonstrated that part of this
large variation is due to genetic factors. Addi tive
genetic influences were important in determining
basal  levels of al l  blood cel l  measures accounting for
between 61 and 96% of the total  variance. Common
envi ronmental  factors were also important in deter-
mining red blood cel l  count and haematocri t,
accounting for 25 and 20% of the total  variation in
these variables, respectively.

The finding that genetic influences were important
in determining basal  levels of haematological  varia-
bles is simi lar to the findings of some

5,7
but not al l

studies.
6,8

Discrepancy between our resul ts and the
resul ts of the latter two studies was most l ikely due
to the latter studies’ smal ler sample sizes and
associated lack of power. As hypothesised, genetic
factors explained significant proportions of the vari -
ance for al l  whi te blood cel ls. A few studies have
previously found evidence for genetic control  of the
levels of one or two whi te blood cel l  types,

5,8
but the

general isabi l i ty of these studies has been l imi ted
because of the smal l  sample sizes involved and the
fact that only a few whi te cel l  subsets were meas-
ured. Thus, the present study expands on previous
work by demonstrating that the basal  levels of many
whi te blood cel l  subsets are regulated by genetic
mechanisms. The task of the future wi l l  be to
identi fy the genes responsible for this control .

Table 7 Resul ts of fi tting genetic and envi ronmental  models to raw data (95% confidence intervals are given in parentheses)

Proportion of total variance ∆χ2 (compared with
full  model)

Variable A C E –2LL fit to df AE CE E
ACE ∆χ1

2 ∆χ1
2 ∆χ2

2

model

Haemoglobin 0.84 (0.79–0.87) – 0.16 (0.13–0.21) 5207.422 769 3.832 45.946b 235.203b

Red cel l  count 0.61 (0.46–0.79) 0.25 (0.07–0.40) 0.14 (0.10–0.18) 122.478 764 7.366b 53.417b 273.977b

Packed cel l  volume 0.62 (0.44–0.82) 0.20 (0.01–0.36) 0.18 (0.10–0.18) –3822.957 765 4.211a 39.922b 224.503b

Mean corpuscular volume 0.96 (0.94–0.97) – 0.04 (0.03–0.06) 3607.326 763 0.001 189.15b 393.718b

Platelets 0.80 (0.75–0.85) – 0.20 (0.15–0.25) 8221.981 767 1.751 37.720b 189.700b

White cel l  count 0.71 (0.64–0.77) – 0.29 (0.23–0.36) –1269.294 768 2.934 17.292b 136.260b

Neutrophi ls 0.67 (0.58–0.74) – 0.33 (0.26–0.42) –892.200 717 0.638 15.435b 109.190b

Monocytes 0.66 (0.56–0.73) – 0.34 (0.27–0.44) –921.227 715 3.179 8.034b 101.486b

Eosinophi ls 0.69 (0.60–0.76) – 0.31 (0.24–0.40) 60.159 717 0.042 21.021b 111.302b

Lymphocytes 0.71 (0.63–0.77) – 0.29 (0.23–0.37) –558.704 769 1.975 17.548b 139.051b

CD3+ T cel ls 0.75 (0.68–0.80) – 0.25 (0.20–0.32) 798.444 767 0.704 27.220b 120.267b

CD4+ T cel ls 0.74 (0.67–0.80) – 0.26 (0.20–0.33) –1011.019 769 0.572 27.266b 150.243b

CD8+ T cel ls 0.80 (0.74–0.84) – 0.20 (0.16–0.26) –1122.732 766 0.932 38.861b 181.10b

CD19+ B cel ls 0.75 (0.69–0.81) – 0.25 (0.19–0.32) –1260.073 769 0.243 31.862b 121.012b

CD56+ NK cel ls 0.68 (0.59–0.75) – 0.32 (0.25–0.41) –13.035 682 3.077 10.061b 111.766b

CD4+ CD8+ ratio 0.84 (0.79–0.87) – 0.16 (0.13–0.21) –1141.699 765 3.288 46.196b 225.034b

aP<0.05; bP<0.01
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In the present study, there was some evidence of
sex l imi tation. Analysis of the neutrophi l  variable
suggested that the magni tude of genetic effects may
di ffer between the sexes. Simi larly, the possibi l i ty
that di fferent genes underl ie the regulation of some
blood cel l  indices in 12-year-old males and females
should not be ruled out ei ther. A l though a simple
model  constraining the magni tude of A, C and E
equal  between the sexes could not be formal ly
rejected for any variable, the sample size of the
present study was not large enough to properly
address the issue of sex l imi tation.

9
Future studies

should bear this issue in mind.
Common envi ronmental  factors were important in

influencing red blood cel l  count and haematocri t.
Possible envi ronmental  factors responsible include
dietary i ron intake and exercise, as these variables
are known to affect red cel l  indices and are l ikely to
be shared among 12-year-old co-twins. The present
resul t is simi lar to the resul ts of Whi tfield and
Martin’s

5
study of young adul ts, save that they found

significant shared envi ronmental  effects influencing
mean corpuscular volume but not red blood cel l
count. The discrepancy in resul ts between studies is
not surprising since 12-year-old co-twins are
unl ikely to be exposed to many of the envi ronmental
agents that affect mean corpuscular volume (eg
smoking, alcohol  intake). Simi larly, the dietary i ron
intake of 12-year-old co-twins is l ikely to be simi lar,
since young twins usual ly l ive in the same house
and presumably share the same meals (ie in this case
dietary i ron is a shared envi ronmental  factor influ-
encing red blood cel l  count). Adul t co-twins, how-
ever, are l ikely to l ive apart and thus would have
di fferent dietary i ron intakes (ie dietary i ron in this
case is a unique envi ronmental  factor).

A surprising finding of the present study was that
common envi ronmental  effects did not contribute
significantly to variation in the basal  levels of whi te
blood cel ls. Assuming that 12-year-old co-twins
l iving in the same house are exposed to simi lar
amounts and types of antigen, the present resul t
impl ies that prior antigen exposure is not important
in determining basal  levels of whi te blood cel ls. The
same argument also suggests that immunisation
history is not an important factor ei ther, since this is
also l ikely to be shared by co-twins reared together.
The possibi l i ty that common envi ronmental  factors
influence the CD4

+
/CD8

+
ratio deserves further

investigation, however, as thei r statistical  signifi-
cance depended upon the inclusion of a smal l
number of outlying cases.

In conclusion, the present study demonstrates that
the basal  levels of many blood cel l  measurements in
12-year-old twins are due to the addi tive action of
several  genes of smal l  effect. Common envi ron-
mental  effects are important in regulating red blood

cel l  count and haematocri t, but do not appear to be
important in determining the basal  level  of whi te
cel l  types at this age. We are now performing a
genome scan of the DZ twins and sibl ings from this
study wi th the aim of identi fying quanti tative trai t
loci  underlying homeostatic control  of these blood
cel l  types.

Acknowledgements

We would l ike to thank Sue McFadyen for assistance
wi th data entry; Ken Field, Shui -Cheong Lee, Scott
Barber and Gary Bourne for lymphocyte subset
analyses; James Palmer and Renee Mayne for zygos-
i ty typing; Ann Eldridge and Marlene Grace for
testing twins; John Pearson for computer support;
John Whi tfield, Mark Blows, Gu Zhu, Kathy Ki rk and
Amanda Fowler for frui tful  discussions. Final ly, we
thank the twins and thei r parents for thei r
co-operation. The Twin Mole study was funded by
grants from the Queensland Cancer Fund, National
Heal th and Medical  Research Counci l  (901061 and
950998) and the Cooperative Research Centre for
Discovery of Genes for Common Human Diseases.
The laboratory work for this study was funded by
Queensland Heal th Pathology Services.

References

1 Statland LP, Winkel  P, Harris SC, Burdsal l  ML, Saunders AM.
Evaluation of biologic sources of variation of leukocyte counts
and other hematologic quanti ties using very precise auto-
mated analyzers. Am J Cl in Pathol 1977; 69: 48–54.

2 Costongs GMPJ, Janson PCW, Bas BM, Hermans J, Brombacher
PJ, van Wersch JKJ. Short-term and long-term intra-individual
variations and cri tical  di fferences of hematological  laboratory
parameters. J Cl in Chem Clin Biochem 1985; 23: 69–76.

3 Fraser CG, Wi lkinson SP, Nevi l le RG, Knox JDE, King JF,
MacWal ter RS. Biological  variation of common hematologic
laboratory quanti ties in the elderly. Am J Cl in Pathol 1989; 92:
465–470.

4 Dot D, Mi ro J, Fuentes-Arderiu X. Biological  variation of the
leukocyte di fferential  count quanti ties. Scand J Cl in Lab Invest
1992; 52: 607–611.

5 Whi tfield JB, Martin NG. Genetic and envi ronmental  influ-
ences on the size and number of cel ls in the blood. Genet
Epidemiol 1985; 2: 133–144.

6 Dal  Col letto GM, Fulker DW, Barretto OC, Kolya M. Genetic
and envi ronmental  effects on blood cel ls. Acta Genet Med
Gemellol  (Roma) 1993; 42: 245–252.

7 Lindemann JP, Kang KW, Christian JC. Genetic variance of
erythrocyte parameters in adul t male twins. Cl in Genet 1977;
12: 73–76.

8 Yokoyama Y, Akiyama T. Intrapai r di fferences of the blood cel l
components and lymphocyte subsets in monozygotic and
dizygotic tw ins. Acta Genet Med Gemellol  (Roma) 1995; 44:
203–214.

Genetics of blood cell number
DM Evans et al

256



9 Martin NG, Eaves LJ, Kearsey MJ, Davies P. The power of the
classical  tw in study. Heredity 1978; 40: 97–116.

10 Anton-Gui rgis H, Culver BD, Kurosaki  T, Elston R. A study of
mul tiple biological  markers in twins. Acta Genet Med Gemel-
lol  (Roma) 1985; 34: 153–165.

11 Ai tken JF, Pfitzner J, Battistutta D, O’Rourke PK, Green AC,
Martin NG. Rel iabi l i ty of computer image analysis of pig-
mented skin lesions of Austral ian adolescents. Cancer 1996;
78: 252–257.

12 McGregor B, Pfitzner J, Zhu G, Grace M, Eldridge A, Pearson J,
Mayne C, A i tken JF, Green AC, Martin NG. Genetic and
envi ronmental  contributions to size, color, shape, and other
characteristics of melanocytic naevi  in a sample of adolescent
twins. Genet Epidemiol 1999; 61(1): 40–53.

13 Zhu G, Duffy DL, Eldridge A, Grace M, Mayne C, O’Gorman L,
Ai tken JF, Neale MC, Hayward NK, Green AC, Martin NG. A
major QTL for mole densi ty is l inked to the fami l ial  melanoma
gene CDKN2A: a maximum l ikel ihood combined l inkage and
association analysis in tw ins and thei r sibs. Am J Hum Genet
1999; 65(2): 483–492.

14 Neale MC. Mx: Statistical Model l ing, 4th edn. Department of
Psychiatry, Medical  Col lege of Vi rginia: Richmond, VA,
1997.

15 Jinks JL, Fulker DW. Comparison of the biometrical  genetical ,
MAVA, and classical  approaches to the analysis of human
behaviour. Psychol Bul l 1970; 73: 311–349.

16 Eaves LJ. Inferring the causes of human variation. JR Stat Soc
1977; 140(3): 324–355.

Genetics of blood cell number
DM Evans et al

257


