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Genetic influences on F cells and other hematologic variables:
a twin heritability study
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To assess the relative contribution of
genetic factors in the variation of F cells
(FC) and other hematologic variables, we
conducted a classical twin study in unse-
lected twins. The sample included 264
identical (monozygotic [MZ]) twin pairs
and 511 nonidentical (dizygotic [DZ])
same-sex twin pairs (aged 20 to 80 years)
from the St. Thomas’ UK Adult Twin
Register. The FC values were distributed
continuously and positively skewed, with
values ranging from 0.6% to 22%. FC
values were higher in women than in men
and decreased with age, with the vari-

ables accounting for 2% of the total FC
variance. The intraclass correlations of
FC values were higher in MZ (rMZ 5 0.89)
than in DZ (rDZ 5 0.49) twins. The
XmnI-Gg polymorphism in the b-globin
gene cluster had a significant effect on
FC levels, accounting for approximately
13% of the total FC variance. Variance
components analysis showed that the FC
values were accounted for predominantly
by additive genetic and nonshared envi-
ronmental influences, with an estimate of
heritability of 0.89. Hemoglobin levels
and red blood cell, white blood cell, and

platelet numbers were also substantially
heritable, with heritability estimates of
0.37, 0.42, 0.62, and 0.57, respectively.
Previously, studies of sib pairs with
sickle cell disease and isolated family
studies showed that high levels of Hb F
and FC tend to be inherited. Here, our
classical twin study demonstrated that
the variance of FC levels in healthy adults
is largely genetically determined. (Blood.
2000;95:342-346)
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Introduction

The switch from fetal to adult hemoglobin (Hb) synthesis that
occurs just before birth is not complete in that it does not lead to a
total extinction of fetal hemoglobin (Hb F) in adult life.1 The small
amounts of Hb F are not homogeneously distributed but are
restricted to a subset of erythrocytes termed F cells (FC),2 and
generally there is good correlation between the proportions of Hb F
and FC.3 Hb F and FC values in healthy adults vary considerably,
with a continuous distribution that is substantially positively
skewed.3-7The high values of Hb F and FC at the upper limits of the
population range are transmitted in the condition referred to as
heterocellular hereditary persistence of fetal hemoglobin (HPFH),
or Swiss HPFH, which should be regarded as a multifactorial
quantitative trait, quite distinct from the pancellular HPFHs that are
caused by point mutations in the promoters of theg-globin genes or
deletions of theb-globin gene complex.1 Although family studies
have shown that high levels of Hb F and FC tend to be inherited, the
number of genetic factors involved and the mode of inheritance
remain uncertain.

Several factors have been shown to influence Hb F and FC
levels in healthy adults, including age,5 sex,3,5 and genetic variants
linked7-9 and unlinked to theb-globin locus on chromosome
11p.8,10 Two trans-acting quantitative trait loci (QTLs) for FC
variance have been mapped, one on chromosome 6q in an
extensive kindred with heterocellular HPFH andb thalassemia11

and the other on Xp in families with sickle cell disease.12 Recently,
studies in a large English family indicated the presence of at least
one othertrans-acting QTL associated with Hb F and FC vari-
ance.13 It is clear from the isolated family studies that there are
several such QTLs for Hb F and FC, but their frequency in the
general population and their contribution to the FC variance are not
apparent.

To address this issue, we undertook a classical twin study. The
aim of this study was to explore the role of genetic influences on the
variance of FC values in healthy adults, in parallel with other
hematologic variables, in a sample population of unselected twin
pairs. Percentages of FC rather than Hb F were used as the variable
for study because measurement of FC by immunofluorescence
using an anti-g-globin chain antibody is more sensitive and
reproducible than currently available techniques for measuring the
low-range Hb F levels in individuals with heterocellular HPFH.

Subjects and methods

Subjects

Seven hundred seventy-five pairs of twins aged 20-80 years were recruited
from the St Thomas’ UK Adult Twin Register,14 which is a large cohort of
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volunteer twins unselected for any particular disease or trait. The study
population consisted of 264 (27 male and 237 female) monozygotic (MZ)
twin pairs and 511 (40 male and 471 female) dizygotic (DZ) same-sex twin
pairs. All subjects were of European descent, and both members of a pair
attended the clinic on the same day. Informed consent was obtained in all
cases before the collection of blood samples. Zygosity was determined by a
standard questionnaire15 and confirmed by multiplex DNA analysis of
highly polymorphic short tandem repeats (microsatellites). Genotyping and
phenotyping were carried out by evaluators blinded to the zygosity of the
subjects from whom the samples were obtained.

Hematologic studies. Blood samples were collected in EDTA as
anticoagulant. Hb level, red blood cell (RBC) counts, mean red blood cell
volume (MCV), white blood cell (WBC) counts, and platelet counts were
determined with an automated blood cell analyzer (Bayer H3 RTX,
Newbury, UK). From these measurements, the instrument then derived the
values for hematocrit (packed-cell volume [PCV]), mean red blood cell
hemoglobin (mean corpuscular hemoglobin [MCH]), and mean red blood
cell hemoglobin (mean corpuscular hemoglobin concentration [MCHC]).

FC assays were performed in peripheral blood by using a monoclonal
mouse anti-g-globin chain antibody and fluorescence-activated cell sorting
(104 cells counted per assay) in all cases.16 In a proportion of the samples,
FC measurements were counterchecked by using the same anti-g-globin
chain antibody and microscopy (23 103 RBCs were counted).17 Hb F
levels were also estimated in all samples with use of an automated
high-performance liquid chromatography system (Bio-Rad Variant,b

Thalassemia Short Program, Hercules, CA ).
DNA analysis. DNA was extracted from peripheral blood leukocytes

by using standard procedures. The polymerase chain reaction (PCR) was
used to specifically amplify the 58 region of theGg-globin gene and the T-C
polymorphism at position2158 of theGg-globin gene, determined byXmnI
restriction analysis of the PCR product.18 Similarly, PCR was used to
specifically amplify theAg-globin promoter region, and the sequence
variant due to a 4-bp deletion at positions2221 to 2224 relative to the
messenger RNA cap site was detected byFnu4HI restriction analysis of the
PCR product.18

Statistical analysis

Because MZ twins share all their genes, any intrapair variation is due to
environmental factors (both shared and unique). However, for DZ twins,
who share on average half of their genes, any intrapair variation is due to
both environmental and genetic factors. Thus, a comparison between the
similarity of values in MZ and DZ twins allows estimation of the extent to
which genetic factors determine variation in a quantitative trait.

One member of each twin pair was chosen at random for testing the
effects of age, sex, and theXmnI-Gg andAg 4-bp genotypes. At test was
used to test for differences between men and women in the means of the
variables. The equality of variances between the sexes was tested with an F
statistic. The effects of age and theXmnI-Gg andAg 4-bp genotypes on the
variables were tested with Pearson correlation coefficients and linear
regression. All the above statistical analyses were done with Statistical

Analysis Software.19 The distributions of the variables were tested for
deviations from normal by using the Shapiro-Wilk statistic; values for
MCV, MCH, and MCHC were squared and the natural logarithm of the FC
levels was used to improve the fit to the normal distribution.

A classical twin variance components analysis20 (Appendix) was carried
out by using structural equation modeling with the Mx package.21 Each
model (ACE, ADE, AE, and CE in Appendix) was tested for how well it fit
the twin data by ax2 goodness-of-fit statistic, with a smallerx2 indicating a
better fit. The number of degrees of freedom for each model was the
difference between the number of parameters estimated by the model and
the number of statistics in the model. In cases in which more than one model
could not be rejected by the goodness-of-fit test,x2 likelihood ratio tests
were done to determine which model fit the data better; generally, a full
model (ACE or ADE) was compared with a simpler model (AE or CE). The
x2 likelihood ratio test takes the difference between thex2 goodness-of-fit
statistics of the simpler model and the full model, with the number of
degrees of freedom equal to the difference in the number of parameters
between the 2 models. The full model is rejected in favor of the simpler
model if thex2 yields a significance level. 0.05. The simplest model that
cannot be rejected by the goodness-of-fit or the likelihood ratio test is the
most parsimonious model, and maximum likelihood estimates of the
parameters are calculated.

Results

A total of 775 twin pairs aged 20-80 years were recruited. Table 1
shows the values for FC and the other hematologic variables
measured by the cell analyzer. There were no significant differ-
ences between the MZ and DZ twins within each sex in the mean
levels or variances of the variables.

Hematologic variables and the effects of the covariates

Table 2 shows thet statistics and the Pearson correlation coeffi-
cients (r) between the hematologic variables and age and sex that
were significant at theP , 0.05 level, as well as the percentage of
variance attributed to the covariates calculated as the total coeffi-
cient of determination (R2). A positive t statistic indicates a higher
mean in men, and a positiver indicates an increase with age. FC
levels were, on average, higher in women than in men (t 5 22.57,
P 5 .01) and had a negative correlation with age (r 5 2.12,
P , .001), with the variables accounting for only 2% of the total
FC variance. Men had significantly higher Hb, PCV, and RBC
levels than women, with age and sex accounting for 24%, 18%, and
18%, respectively, of the total variance in the variables. Hb, MCH,
and MCHC levels increased with age; however, age accounted for
only 1% of the variance in each instance. Women had a signifi-

Table 1. Hematologic variables before statistical transformation, according to sex and zygosity

Variable

Men Women

MZ (n 5 54) DZ (n 5 80) MZ (n 5 474) DZ (n 5 942)

Hb (g/L) 154 (99), 129-178 151 (116), 112-175 134 (102), 98-164 134 (103), 95-165

PCV (ratio) .47 (.03), .38-.54 .46 (.04), 35-.54 .41 (.03), 30-.49 .41 (.03), .27-.53

RBC (31012/L) 5.15 (.29), 4.41-5.88 5.01 (.40), 4.04-6.00 4.49 (.35), 3.20-5.56 4.52 (.37), 3.04-6.70

MCV (fl) 90.4 (4.01), 83.8-99.4 91.9 (5.22), 77.7-108.0 91.0 (4.40), 73.4-109.0 91.6 (5.27), 72.5-108.0

MCH (pg/RBC) 29.9 (1.11), 27.0-32.8 30.1 (1.64), 24.9-33.8 29.9 (1.51), 24.7-35.4 29.9 (1.73), 24.2-35.3

MCHC (g/L RBC) 331 (104), 312-362 328 (134), 290-361 328 (129), 272-376 325 (140), 268-362

WBCs (31012/L) 6.01 (2.28), 3.13-14.03 5.91 (1.87), 2.86-13.7 6.22 (1.81), 2.44-13.6 6.23 (1.99), 1.04-15.8

Platelets (31012/L) 224.0 (55.6), 133.0-398.0 203.0 (49.5), 93.0-356.0 235.0 (54.8), 106.0-436.0 239.0 (65.5), 84.0-496.0

FCs (% of RBC) 3.33 (3.06), .65-15.7 3.19 (2.58), 53-14.4 4.19 (3.04), .60-19.2 4.07 (2.78), .57-21.8

Values are mean (SE), range. MZ indicates monozygotic; DZ, dizygotic; Hb, hemoglobin; PCV, packed-cell volume; RBC, red blood cells; MCV, mean corpuscular volume;
MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; WBC, white blood cells; and FCs, F cells.
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cantly higher mean value for platelets; however, the effect ac-
counted for only 1% of the variance in the variable.

The effects of theXmnI-Gg and Ag 4-bp genotypes on the
variables were estimated by linear regression analysis. FC level
was the only variable that had a significant relation with the
b-globin complex sites. TheXmnI-Gg polymorphism had a much
larger effect than theAg 4-bp site (R2 5 0.13 compared with
R2 5 0.03), indicating that it was more strongly associated with the
high-FC trait.

Variance components analysis

The number of twin pairs used in the variance components analysis
of each standardized variable and the Pearson correlation coeffi-
cientscalculated for MZ and DZ twin pairs are shown in Table 3.
Although there was a difference between men and women in the
means for 5 of the variables, an F test for the equality of the
variances showed that there was not a significant difference
between men and women in the variance for any of the variables
(results not shown). Therefore, the male and female twins were
treated as a single group for each zygosity class. The intraclass
correlation for MZ twins greatly exceeded that for DZ twins for all
the measured variables (FC, Hb, RBCs, MCV, WBCs, and plate-
lets), with the range of intraclass correlations for MZ twins being
0.61 to 0.89 and that for DZ twins being 0.36 to 0.53.

Results of the variance components analysis are shown in

Table 4.x2 goodness-of-fit statistics and the corresponding signifi-
cance levels are given for each model tested. The model with a
dominance genetic variance component and the model of no
family resemblance, E, were rejected for all variables. The
most parsimonious model (ie, the simplest model that cannot be
rejected) for each variable is shown. All the variables except
MCHC had best-fitting models with an additive variance com-
ponent (ie, AE or ACE). The maximum likelihood estimates (h2, c2,
and e2) for each variable under the best-fitting model are also
shown in Table 4. Heritability (h2) estimates between 0.20 and
0.42 were found for Hb, PCV, RBCs, MCV, and MCH. These
variables had estimates of the common and specific environ-
mental effects in a similar range, and all fit the full ACE model
best. There was no significant additive genetic effect for
MCHC (x2 likelihood ratio5 1.288-0.2585 1.03, 1 df); the
family resemblance was explained entirely by common and
specific environment (CE model). The highest heritability esti-
mates were found for FC values, WBC counts, and platelet counts
(0.89, 0.62, and 0.57, respectively). A common environmental
effect could be rejected for FC (x2 likelihood ratio5 6.409-
4.8255 1.584, 1 df) and WBCs (x2 likelihood ratio5 2.303-
0.8855 1.48, 1df) so that, for FC and WBCs, the best models
included additive genetic and specific environmental effects only
(ie, the AE model). It should be noted that the power to exclude the
C or D components of variance is weak in this structural equation
modeling method.22 The variance of platelet numbers fit the ACE
model best. Of all the hematologic variables, FC had the highest
heritability estimate (0.89).

Discussion

It has long been suspected that the values of Hb F and FC in healthy
adults are genetically influenced. The evidence, however, was

Table 4. Results of the variance components analysis

Trait

x2 Goodness-of-fit of Model, x2/r Parameters of Best-Fitting Model†

ACE
df 5 3

ADE
df 5 3

AE
df 5 4

CE
df 5 4 h2 c2 e2

FC 4.825 6.409 6.409* 166.9 .89 [0] .11

(.185) (.093) (.171) (,.001)

Hb .098* 14.72 14.72 15.94 .37 .30 .33

(.992) (.002) (.005) (.003)

PCV .265* 30.17 30.17 13.16 .30 .40 .30

(.966) (,.001) (,.001) (.011)

RBC .707* 17.70 17.70 24.75 .42 .30 .28

(.872) (.001) (.001) (,.001)

MCV 1.317* 40.25 40.25 5.556 .20 .46 .34

(.725) (,.001) (,.001) (.161)

MCH .996* 11.13 11.13 16.19 .39 .26 .35

(.802) (.011) (.025) (.003)

MCHC .258 175.6 175.6 1.288* [0] .79 .21

(.968) (,.001) (,.001) (.863)

WBC .885 2.303 2.303* 21.97 .62 [0] .38

(.829) (.512) (.608) (,.001)

Platelets 1.372* 6.560 6.560 44.02 .57 .17 .26

(.712) (.087) (.161) (,.001)

Values in parentheses are the corresponding P value for each model tested on
each variable.

ACE, ADE, AE, and CE are models described in the appendix.
*Most parsimonious model.
†Maximum likelihood estimates of the parameters.

Table 2. Effects of age and sex on hematologic traits

Trait

Sex
(t statistic,
P value)

Age
(r, P

value)
Total
R 2

FC 22.57, .01 2.12, ,.001 .02

Hb 14.31, ,.001 .10, .007 .24

PCV 12.25, ,.001 NS .18

RBC 12.41, ,.001 NS .18

MCV NS NS —

MCH NS .08, .05 .01

MCHC NS .08, .05 .01

WBC NS NS —

Platelets 22.96, .003 NS .01

NS indicates not significant. t statistics are shown if significant (P , 0.5) for sex
differences. Pearson correlation coefficients (r ) are shown if significant (P , 0.5) for
age effects with coefficients of determination (R 2). A positive t statistic indicates a
higher mean in men; a positive correlation coefficient indicates an increase with age.

Table 3. Pearson correlation coefficients between monozygotic (MZ) and
dizygotic (DZ) twin pairs for standardized hematologic traits, calculated with
variance components analysis

Trait

MZ
(No. of

Twin Pairs)

DZ
(No. of

Twin Pairs)

Intraclass
Correlation,

SE

rMZ rDZ

FC 257 497 .89 .49

Hb 235 480 .66 .48

PCV 234 477 .70 .56

RBC 234 477 .72 .53

MCV 235 481 .65 .56

MCH 231 466 .65 .46

MCHC 234 476 .80 .78

WBC 234 480 .61 .36

Platelets 234 478 .76 .46

The numbers in each assay vary slightly because outliers were removed from
the analysis.
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circumstantial and based on population and family studies showing
that individuals with Hb F and FC levels at the upper limits of the
population range, who are considered to have heterocellular HPFH,
tend to have at least one parent with similarly increased Hb F (or
FC levels).4,23-26 Hence, there has been a tendency to regard
heterocellular HPFHs as discrete variables controlled by single
genes. We would like to make the case for considering Hb F or FC
levels a quantitative trait, with heterocellular HPFH representing
the upper tail of the trait distribution. The number of QTLs
contributing to the trait remains to be determined.

To explore the role and extent of genetic factors in controlling
FC levels, we analyzed FC variance in a sample of unselected MZ
and DZ twin pairs of European descent. Our findings provide
overwhelming evidence for a strong genetic component in the
control of Hb F and FC in healthy adults. FC levels were
consistently more similar in identical twins (rMZ 5 0.89) than in
nonidentical twins (rDZ 5 0.49), and 89% of the FC variance
could be attributed to genetic factors.

Many genetic variants have been associated with elevated FC
levels in healthy adults, including several in theb-globin gene
complex–XmnI-Gg site,7,27 the 4-bp deletion at positions2224 to
2221 of theAg-globin gene,28,29sequence variations in the DNase
1 hypersensitive site 2 of theb-locus control region,30,31 and
several variants unlinked to theb complex, such as the QTLs on
Xp12 and 6q.11 In this study, the effects of theXmnI-Gg site andAg
4-bp deletion were estimated for all the hematologic variables. FC
level was the only variable that had a significant relation with the
b-globin complex sites. Our data confirm previous reports of the
effects of age and sex on FC: levels were higher in women and
decreased with age, and age and sex combined accounted for 2% of
the total FC variance. Regression analysis indicated that only 13%
of the total FC variation could be attributed to theXmnI-Gg site,
thereby implicating the presence of one or more other QTLs
controlling FC levels in adults. These data should be relevant to the
variation in Hb F levels observed in patients withb thalassemia and
sickle cell disease who have different racial or genetic back-
grounds. Inheritance of certain QTLs controlling FC production
could also explain the different Hb F response in situations of acute
erythroid expansion, such as in bone marrow regeneration after
bone marrow transplantation,32 in healthy individuals after acute
blood loss,33 and in patients with severe iron deficiency anemia
after treatment with iron.34

We also found evidence of a genetic effect on several hemato-
logic variables other than FC levels. Additive genetic effects
accounted for 37%, 42%, 62%, and 57%, respectively, of the
phenotypic variance in Hb levels, RBC counts, WBC counts, and
platelet counts. These results support the data from a previous
heritability study that showed that WBC and platelet numbers were
accounted for by genetic and nonshared environmental influences
only.35 Unlike the previous study, however, our study found that the
phenotypic variance related to the RBC mass (Hb levels, RBC

count, and MCV) can be attributed in equal proportions to addi-
tive genetic effects (A), shared environment (C), and nonshared
environment (E).

A general conclusion that can be drawn from this study is that
variation in the proportions of FC, WBC numbers, and platelet
numbers and, to some extent, RBC numbers, is largely genetically
determined. The aim now must be to determine the combination of
common genes that pleiotropically influence the variance of these
traits. Previous sib-pair analyses of patients with sickle cell anemia
demonstrated the presence of genetic factors controlling the
production of FC, both linked and unlinked to theb-globin
cluster.36,37 A more recent study of Jamaican sickle cell sib pairs
estimated that the locus on Xp, theb-globin cluster, thea-globin
genes, and age accounted for about 50% of the Hb F variation
observed in these subjects, with the Xp locus being the major
contributor (35% to 41% of the variation). Nonetheless, about 50%
of the variance in Hb F levels in the subjects remained unex-
plained.38 We propose using data from the DZ twins in a genome
scan to map for the principal QTLs influencing these traits and to
test thetrans-acting factors that have been reported on chromo-
somes 6q2311 and Xp22.2-22.3.12 DZ twins have several advan-
tages over ordinary sib pairs: the confounding effect of age is
removed, common environment is likely to be more similar, and
nonpaternity is less of a problem. In this study, the confounding
effect of sex was removed because only same-sex DZ twins were
recruited and, with respect to FC, the presence of hemoglobinopa-
thies was not a confounder.

QTLs that are candidates for influencing the hematologic
variables we studied include a combination of the numerous
hemopoietic growth factors and lineage-specific cytokines, such as
thrombopoietin, thrombopoietin receptor, erythropoietin, various
colony-stimulating factors (CSF) (granulocyte-macrophage CSF
and granulocyte CSF), interleukins (IL-3 and IL-6), and negative
regulators such as transforming growth factorb1.39,40The results of
analyses of these influences will have immense practical implica-
tions in medicine. For example, an understanding of the role and
extent of the genetic factors responsible for increased Hb F and FC
levels would not only provide further insights into the normal
developmental control of Hb F production in general, but could
also pave the way to innovative approaches for therapeutic
manipulations of Hb F in the treatment of sickle cell disease andb

thalassemia.

Acknowledgments

We thank Milly Graver and Liz Rose for preparation of the
manuscript and Professor Sir David Weatherall for his continuing
encouragement and support. We thank Professor Peter Beverley for
allowing us to use the anti-g-globin antibody.

References

1. Stamatoyannopoulos G, Nienhuis AW, Majerus
PW, Varmus E. The Molecular Basis of Blood Dis-
eases. Philadelphia, PA: WB Saunders; 1994.

2. Boyer SH, Belding TK, Margolet L, Noyes AN.
Fetal hemoglobin restriction to a few erythrocytes
(F cells) in normal human adults. Science. 1975;
188:361-363.

3. Miyoshi K, Kaneto Y, Kawai H, et al. X-linked

dominant control of F-cells in normal adult life:
characterization of the Swiss type as hereditary
persistence of fetal hemoglobin regulated domi-
nantly by gene(s) on X chromosome. Blood.
1988;72:1854-1860.

4. Zago MA, Wood WG, Clegg JB, Weatherall DJ,
O’Sullivan M, Gunson H. Genetic control of F
cells in human adults. Blood. 1979;53:977-986.

5. Rutland PC, Pembrey ME, Davies T. The estima-
tion of fetal haemoglobin in healthy adults by ra-
dioimmunoassay. Br J Haematol. 1983;53:673-
682.

6. Economou EP, Antonarakis SE, Kazazian HH Jr,
Serjeant GR, Dover GJ. Variation in hemoglobin
F production among normal and sickle cell adults
is not related to nucleotide substitutions in the

BLOOD, 1 JANUARY 2000 • VOLUME 95, NUMBER 1 GENETIC INFLUENCES ON F CELLS 345



gamma promoter regions. Blood. 1991;77:174-
177.

7. Sampietro M, Thein SL, Contreras M, Pazmany
L. Variation of HbF and F-cell number with the Gg

XmnI (C-T) polymorphism in normal individuals.
Blood. 1992;79:832-833.

8. Lu Z-H, Steinberg MH. Fetal hemoglobin in sickle
cell anemia: relation to regulatory sequences cis
to the b-globin gene. Blood. 1996;87:1604-1611.

9. Merghoub T, Maier-Redelsperger M, Labie D, et
al. Variation of fetal hemoglobin and F-cell num-
ber with the LCR-HS2 polymorphism in nonane-
mic individuals. Blood. 1996;87:2607.

10. Thein SL, Sampietro M, Rohde K, et al. Detection
of a major gene for heterocellular hereditary per-
sistence of fetal hemoglobin after accounting for
genetic modifiers. Am J Hum Genet. 1994;54:
214-228.

11. Craig JE, Rochette J, Fisher CA, et al. Dissecting
the loci controlling fetal haemoglobin production
on chromosomes 11p and 6q by the regressive
approach. Nat Genet. 1996;12:58-64.

12. Dover GJ, Smith KD, Chang YC, et al. Fetal he-
moglobin levels in sickle cell disease and normal
individuals are partially controlled by an X-linked
gene located at Xp22.2. Blood. 1992;80:816-824.

13. Craig JE, Rochette J, Sampietro M, et al. Genetic
heterogeneity in heterocellular hereditary persis-
tence of fetal hemoglobin. Blood. 1997;90:428-
434.

14. Spector TD, Cicuttini F, Baker J, Loughlin J, Hart
D. Genetic influences on osteoarthritis in women:
a twin study. BMJ. 1996;312:940-943.

15. Martin NG, Martin PG. The inheritance of scho-
lastic abilities in a sample of twins. I. Ascertain-
ments of the sample and diagnosis of zygosity.
Ann Hum Genet. 1975;39:213-218.

16. Thorpe SJ, Thein SL, Sampietro M, Craig JE, Ma-
hon B, Huehns ER. Immunochemical estimation
of haemoglobin types in red blood cells by FACS
analysis. Br J Haematol. 1994;87:125-132.

17. Thein SL, Reittie JE. F cells by immunofluores-
cent staining of erythrocyte smears. Hemoglobin.
1998;22:415-417.

18. Craig JE, Sheerin SM, Barnetson R, Thein SL.
The molecular basis of HPFH in a British family
identified by heteroduplex formation. Br J Haema-
tol. 1993;84:106-110.

19. SAS: Statistical Analysis Software [computer pro-
gram]. Version 6. Cary, NC: SAS Institute Inc;
1997.

20. Neale MC, Cardon LR. Methodology for Genetic
Studies of Twins and Families. Boston, MA: Klu-
wer Academic Publishers; 1992.

21. Mx: Statistical Modeling [computer program].
Richmond, VA; 1997.

22. Hopper JL. Why ‘‘common environmental effects’’
are so uncommon in the literature. In: Spector
TD, Snieder H, MacGregor AJ, eds. Advances in
twin and sibling analysis. London, UK: Grenwich
Medical Media; 1999:151-166.

23. Marti HR. Normale und anormale mensliche Hae-
moglobine. Berlin, Germany: Springer; 1963.

24. Stamatoyannopoulos G, Wood WG, Papayan-
nopoulou T. A new form of hereditary persistence
of fetal hemoglobin in blacks and its association
with sickle cell trait. Blood. 1975;46:683-692.

25. Gianni AM, Bregni M, Cappellini MD, et al. A gene
controlling fetal hemoglobin expression in adults
is not linked to the non-a globin cluster. EMBO J.
1983;2:921-925.

26. Giampaolo A, Mavilio F, Sposi NM, et al. Hetero-
cellular hereditary persistence of fetal hemoglo-
bin (HPFH). Molecular mechanisms of abnormal
g-gene expression in association with b thalasse-
mia and linkage relationship with the b-globin
gene cluster. Hum Genet. 1984;66:151-156.

27. Gilman JG, Huisman TH. DNA sequence varia-
tion associated with elevated fetal Gg globin pro-
duction. Blood. 1985;66:783-787.

28. Gilman JG, Johnson ME, Mishima N. Four base-
pair DNA deletion in human Ag globin-gene pro-
moter associated with low Ag expression in
adults. Br J Haematol. 1988;68:455-458.

29. Manca L, Cocco E, Gallisai D, Masala B, Gilman
JG. Diminished AgT fetal globin levels in Sardinian
haplotype II bo-thalassaemia patients are associ-
ated with a four base pair deletion in the AgT pro-
moter. Br J Haematol. 1991;78:105-107.

30. Merghoub T, Perichon B, Maier-Redelsperger M,
et al. Dissection of the association status of two
polymorphisms in the b-globin gene cluster with
variations in F-cell number in non-anemic indi-
viduals. Am J Hematol. 1997;56:239-243.
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Appendix

Classical variance component twin analysis using the Mx package

Under the models tested, the phenotypic variance can be partitioned into
(A) the additive genetic effects or heritability, (D) dominance genetic
effects, (C) the common or shared environment, and (E) the specific
environment with the expected relations indicated in the Appendix Figure.
The following 5 models were tested: (1) family resemblance due to additive
genetic and common environmental effects (the ACE model); (2) family
resemblance due to additive and dominance genetic effects (the ADE
model); (3) family resemblance due to additive genetic effects alone (the
AE model); (4) family resemblance due to common environmental effects
alone (the CE model); and (5) no family resemblance (the E model).

The parameters D and C are confounded in that the dominance effects
cause twins to be less similar and common environmental effects cause
twins to be more similar; therefore, a model with both these parameters is
not possible.x2 goodness-of-fit statistics were calculated for each model,
and the most parsimonious model was determined by ax2 likelihood ratio
test with degrees of freedom equal to the difference in the number of
parameters estimated by the 2 models. The maximum likelihood estimates
of the parameters under the most parsimonious model are reported.

Classic path model for analyzing a sample of monozygotic (MZ) and dizygotic
(DZ) twins. The single-headed arrows (h, c, d, e) reflect the additive genetic (A),
dominance genetic (D), common environmental (C), and specific environmental (E)
effects on the phenotypes of twins (PT1 and PT2). The double-headed arrows across
the top show the expected relations among the additive genetic, dominance genetic,
and common environmental effects for MZ and DZ twins.
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