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ABSTRACT

Familial Milroy lymphedema (ML) is
classified as an autosomal dominant disorder
characterized by peripheral edema of the lower
extremities at birth or in early childhood. The
variety of phenotypes are not well described,
and the genomic location and functional
expression of the gene or genes underlying this
and related familial lymphedema syndromes
remain largely unknown. In this collaborative
study between the University of Arizona and
the University of Sdo Paulo, we collected
clinical pedigrees on 6 ML families, carried out
clinical examination of affected and unaffected
individuals, and, in representative affected
members of two of the families performed
dynamic lymphangioscintigraphy (LAS) of the
lower and upper limbs to delineate further the
ML lymphangiodysplastic phenotype. To
localize the gene for ML, we conducted a
genome-wide search in 4 of the families using
387 polymorphic dinucleotide-repeat markers
at approximate 10 cM spacing in 54 subjects
(affected, unaffected bloodline relatives, and
spouses). In all 6 families (86 subjects), we
specifically examined the suggested linkage to
the vascular endothelial growth factor
(VEGF)-C receptor (Flt4) gene localized to the
chromosome region 5q34-q35. The findings
provide evidence for a spectrum of ML clinical
and LAS phenotypes and also suggest ML
locus heterogeneity.
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Beginning in 1865, Letessier (1), Nonne
(2), and Milroy (3) successively reported
family clusters of patients with lower limb
swelling beginning at birth or later in
childhood but before puberty (usually termed
Milroy or Nonne-Milroy syndrome). Post-
pubertal forms are usually classified as Meige
(4) or Letessier-Meige syndrome. In Milroy’s
original description (3), family members
generally exhibited bilateral leg edema at birth
which was most prominent below the knee
and often associated with repeated limb
infections throughout life. Later case reports
(reviewed in 5-8) expanded the clinical
spectrum to include swelling of the genitalia,
upper limbs, and face and, infrequently, also
involvement of other organ systems including
the heart and blood vasculature. It was not,
however, until the development of contrast
lymphography and its wide application to the
delineation of congenital and acquired
disorders of the lymphatic system by John
Kinmonth in the 1950°s that an underlying
lymphatic structural defect in Milroy
lymphedema (ML) was clearly documented
(5). Typically, lymphatic truncal aplasia or
hypoplasia with minimal or no dermal
collateral formation is depicted but the level
and degree of lymphatic dysplasia varies and
occasionally different imaging patterns have
been described using conventional lympho-
graphy, fluorescent lymphangiography (9),
and lymphangioscintigraphy (10,11).
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Fig. 1. Pedigrees of the 6 families used for linkage analysis. Affected individuals are indicated by blackened symbols,
shaded grey for questionably affected, diagonal cross for deceased individuals, female (O), male (1) , and unknown

sex (A).

Hereditary lymphedema of the Milroy
type is classified as a rare (1:6000 births)
autosomal dominant condition with incom-
plete penetrance (5). Whereas the gene(s) for
this condition have not been previously
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localized to a specific gene locus or even
chromosome, a recent brief communication
suggests that in several families with
hereditary lymphedema, there is a close
linkage to the 5q34-q35 region of chromosome
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5 (12). Interestingly, mutations in the gene
for Flt4, the receptor for VEGF-C (termed
the lymphatic growth factor), were identified
only in affected and at risk individuals.

The current report describes the pedigrees
and phenotypic features of 6 families of
diverse ethnic origin with hereditary
lymphedema of the Milroy type. A genome-
wide search using polymorphic markers
spaced at approximately 10 cM with linkage
analysis was carried out in 4 of the families
and specific linkage with a marker at the
suggested 5q34-q35 region of interest
examined in all 6 families. The findings, taken
in the context of the complex sequence of
events in the development of the lymphatic
and blood vasculature, support the likelihood
of genotypic as well as phenotypic hetero-
geneity in hereditary lymphedema syndromes.

SUBJECTS AND METHODS

Studies were carried out according to
guidelines approved by the Institutional
Review Boards of The University of Arizona
and University of Sdo Paulo, and informed
consent was obtained from all subjects.

Six families with hereditary lower limb
lymphedema (2 families from The University
of Arizona and 4 from the University of
Sao Paolo) were studied. Clinical pedigrees
(Fig. 1) were established by detailed history
and physical examination and potential
usefulness for linkage studies (estimated
maximum and mean LOD scores) calculated
by SIMLINK analysis (13,14). In 7 affected
individuals from the two University of
Arizona families, lymphangioscintigraphy
(tracer 99m-Tc¢ human serum albumin) was
performed in the lower limbs and in 3 of the
7 individuals also in the upper limbs as
previously described (15) to evaluate
structural and functional abnormalities of
the peripheral lymphatic system. In 1 of
these 7 patients, Doppler ultrasound veno-
graphy was performed to evaluate patency
and competence of the deep and superficial
venous systems of the lower limbs.
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Blood was collected from 86 members of
the 6 families, and DNA extracted by stan-
dard techniques. Genome-wide genotyping
was performed in Families 1-4 of the 6
families in collaboration with the Marshfield
Medical Research Foundation under a
Mammalian Genotyping Service subcontract
from the National Heart, Lung, and Blood
Institute of the National Institutes of Health.
A panel of 387 polymorphic dinucleotide
repeat markers spaced at approximate 10cM
intervals with average 0.74+0.07 hetero-
zygosity was used for genome-wide screening
by polymerase chain reaction (PCR)
amplification in samples from 54 members of
these 4 families.

Based on the report of Kimak et al (12)
of linkage with markers at 5q34-q35, we
examined the data from our genome-wide
search and also typed 2 new families
(Famiilies 5 and 6) (total 86 individuals) for
marker 164xb8 (a short tandem repeat) at
locus D5S408 in the 5q34-q35 chromosome
region of interest. Two-point linkage analysis
was carried out using the computer program
MLINK from the Linkage Package version
5.1 (16) assuming autosomal dominant
inheritance with 50% penetrance and 0.001
disease gene frequency. Positive LOD scores
were tested for robustness with respect to
variation in penetrance, prevalence of pheno-
copies and variable marker-allele frequency.

RESULTS
Family Pedigrees

Fig. 1 displays the pedigrees for the
family members in this study. The University
of Arizona component consisted of Families 1
and 4, the latter a large kindred. The Univer-
sity of Sdo Paulo component consisted of 4
families (2,3,5, and 6). The cumulative
SIMLINK estimated maximum LOD scores at
0=0 for all pedigrees was 15.355 (Table 1).

Whereas the clinical features of the
affected individuals within each family were
quite similar and basic similarities were
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TABLE 1
Estimated Maximum and Mean LOD Score* (SIMLINK) for Any Marker and

Two-Point LOD Score (MLINK) for D5S408 Marker at 0 = 0 by Family

Family 1 2 3 4 5 6

Estimated
Maximum
LOD score 1.479 1.483 0.589 5.286 5.336 1.182

Estimated
Mean = SE
LOD score 0.490+0.022 0.549+0.024 0.183+0.013 1.759+0.068 2.108+0.068 0.381+0.025

Two-point
LOD score -0.870 0.900 -3.176 -0.679 -3.159 NI**

*LOD score of 1.0 indicates ten-fold greater probability of the observed result due to linkage rather
than chance.
**Non-informative

TABLE 2

Summary of Clinical Features of ML-Affected Family Members Studied

Family Clinical Features
1 Childhood onset (pre-pubertal) (5/5)*; bilateral leg (4/5) and genital
(2/2 males) involvement, severe (4/5); recurrent cellulitis (5/5)
2 Congenital (4/4), bilateral leg involvement (2/4), severe (0/4)
3 Congenital (2/2), bilateral leg involvement (1/2), severe (1/2)
4 Congenital (9/12), age 6-13 onset (3/12); bilateral leg (10/12), genital

(3/7 males), arm or face involvement (7/12), severe (5/12); recurrent cellulitis
(11/12); juvenile varicose veins (5/12)

5 Congenital (6/6), bilateral leg involvement (5/6), severe (0/6)
6 Congenital (2/2), bilateral leg involvement (1/2), severe (0/2)

*Numbers in parentheses represent individuals exhibiting feature/total affected individuals studied.

shared among the families, distinctive (mean age 9). Males and females were equally
features were also found (Table 2). Lymphe- affected, and lower limb involvement was
dema appeared almost exclusively at birth or bilateral in almost all cases. In Families 1 and
in infancy in Families 2-6 and somewhat later 4, genital lymphedema was common in the

in childhood but prior to puberty in Family 1 males but absent in Families 2, 3, 5, and 6.
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Fig. 2. Left, lower extremity (“whole body”) lymphangioscintigram(LAS) in a normal subject showing intact
peripheral and retroperitoneal lymphatic trunks (solitary bands) and “hot spots” representing regional lymph
nodes. Marker is located at the knees and tracer filling the bladder is noted on this delayed film. Right, LAS (early-
late image sequence) of the lower extremities in a 40-year old man with bilateral lymphedema of the legs showing
minimal tracer transport consistent with severe truncal aplasia/hypoplasia typical of ML. Markers located at knees,
pubis, xiphoid, and sternal notch. This patient’s son, father, grandfather and male cousin, but none of the female

family members, also exhibited lymphedema of the legs since infancy.

Only Family 4 displayed swelling of the
upper limbs and face in some members.
Families 1 and 4 reported frequent episodes
of cellulitis of the involved limbs. Only Family
4 ML affected individuals (5 of 12 studied)
also displayed prominent varicose veins of the
lower limbs present since infancy or early
childhood. One “unaffected” member of
Family 4 (IV-25) exhibited right forequarter
hypertrophy with macrodactyly (a Proteus or
Klippel-Trenaunay syndrome variant associ-
ated with lymphatic and venous dysplasia).
Fig. 2 shows a “whole body” lymphangio-
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scintigram (LAS) in a normal subject (left)
for comparison with an LAS (right, early
followed by late image) displaying truncal
aplasia/hypoplasia in a male member of
another Arizona ML family not reported here.

In Family 1 (Fig. 3), the characteristic
brawny swelling of the lower limbs is
displayed in two successive generations (left,
upper and lower) along with a hypoplastic
pattern in both lower limbs of one affected
family member (right).

In Family 4 (Fig. 4), the clinical
appearance (A) and lymphangiodysplastic
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Fig. 3. Family 1: Left upper panel, lymphedema of legs and genitalia first appearing in early childhood in two brothers
(111-4, 111-3) and of legs alone in sister (111-1) (see Fig. 1 for pedigree). Left lower panel, two of three daughters (IV-
1, IV-2) of the sister also have lower extremity lymphedema, which similarly first appeared in childhood and was
associated with recurrent lymphangitisi/cellulitis. One other daughter (1V-3) (right) is unaffected. Right, LAS (early-
late image sequence) in subject 111-4 showing aplasia (right leg) and hypoplasia (left leg) with only faint visualization
of limb lymphatic trunks and lack of radiotracer in regional lymph nodes or retroperitoneal lymphatics.

LAS patterns (including irregular channels,
dermal backflow and reflux) in the lower
(B-F) and also the upper limbs (E,F) are
shown in five affected individuals. In another
brother of the subjects depicted in Fig. 4 A-E,
who exhibited bilateral lower extremity
lymphedema and prominent venous varicosi-
ties since infancy, a similar lymphangio-
dysplastic LAS pattern combined with an
abnormal Doppler venogram was seen

(Fig. 5). These lymphatic and venous imaging
studies document a combination of lymphatic
dysfunction with deep and superficial venous
reflux in both legs.

The genome-wide search strongly
suggested locus heterogeneity because there
were strong signals in some families with
various markers while the signals were
strongly negative in others (considering the
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size of the families). As seen in Table 1, only
Family 2 showed a possible linkage to marker
164xb8 at locus D5S408 in the suggested
5q34-q35 region (LOD score 0.900 of 1.483
maximum possible). On the other hand,
Families 3 and 5 were substantially negative,
and Families 1 and 4 were slightly negative—
the findings in Families 4 and 5 being the
most significant given their large size and
high maximum LOD scores by SIMLINK
analysis. Family 6 was non-informative as
the family members studied did not vary at
the locus.

DISCUSSION
The collected literature on hereditary

lymphedema syndromes (1-8; 17-21) describes
a wide clinical spectrum not only in terms of
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Fig. 4. Family 4: (A) Congenital lymphedema of the legs in a young man (V-3),whose LAS (early-late image
sequence) (B) shows severe truncal aplasialhypoplasia in the right leg and delayed transport, tracer pooling and
faint truncal and regional lymph node visualization on the left with extensive dermal diffusion of tracer and late
scrotal reflux (arrowhead). Three brothers V-5 (C, early-late sequence), V-4 (E), V-2 (see Fig.5, left) with ML show
similar LAS features including in C scrotal reflux (arrowhead) and in E a normal appearing non-edematous left
upper limb, in which no trunks or lymph nodes are visualized above the upper forearm. One sister (V-8) (D) shows
a similar LAS pattern of delayed tracer transport, bizarre lymphatic trunks and late tracer pooling as does a distant
relative (IV-1) (F), who also displays tracer pooling in the right forearm.

female sex predilection, age of onset, severity,
bilateral or unilateral lower limb involvement
but also accompanying swelling of the upper
limbs, genitalia, and serous effusions as well
as associated features such as distichiasis
(double row of eyelashes), mental retardation,
epilepsy, immunodeficiency, cholestasis,
cardiac and blood vascular abnormalities.
This study provides further support for the
broad phenotypic spectrum even within the
Milroy classification, while confirming the
equal sex distribution and predominant
bilaterality of lower limb involvement in
families exhibiting lymphedema at birth or in
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early childhood in contrast to those with
lymphedema precox and tarda, which show a
strong predilection for the female sex and
predominant unilateral lower limb
involvement. Whereas simple single gene
autosomal dominance with incomplete
penetrance has been considered the likely
mode of inheritance, genetic mechanisms
may be more complex, heterogeneous and
even polygenic.

Lymphedema is an overt manifestation of
lymphatic circulatory “failure” stemming
from an underlying lymphatic structural and
functional disturbance (lymphangiodysplasia),
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Fig. 5. Family 4: Abnormal LAS(left) in another ML brother (V-2) of the subjects depicted in Figs. 4A-E showing
delayed tracer transport, irregular lymphatic channels, late tracer pooling and poor regional nodal visualization.
Doppler ultrasound venogram (right) performed to evaluate prominent superficial venous varicosities of the legs
since infancy, displays severe reflux throughout the superficial and deep venous system of the lower extremities
including left femoral (upper) and right popliteal veins (lower) seen here as a prolonged reverse flow phase (arrows).

the phenotypic and genotypic spectrum of
which remains to be better defined in the
familial syndromes (11). In the absence of a
more specific definition of the fundamental
pathophysiologic disturbances, the assign-
ment of “unaffected,” “carrier,” “age of
onset,” or “extent” of lymphatic involvement
remains imprecise or even incorrect in
pedigree analysis and may only be revealed
by an “accident” of localized injury or
infection precipitating overt swelling. Thus, a
meaningful determination of the extent or
level of lymphatic involvement, divergent
structural or functional lymphatic capillary,
truncal, and nodal defects, number of non-

Permission granted for single print for individual use.

edematous limbs “affected,” exact mode of
inheritance, and degree of gene penetrance
depends upon further evaluation beyond
physical evidence of the characteristic brawny
swollen leg.

Lymphatic imaging offers the next
important step to define the “lymphangio-
dysplastic phenotype” in these families in
terms of truncal aplasia/hypoplasia or
hyperplasia, valvular incompetence with
reflux, obstructive features, and lymph node
abnormalities. The refined method of
radioisotope lymphangioscintigraphy (15)
provides a simple, safe, minimally invasive
method to open a window on the
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lymphangiodysplastic phenotype. The
situation today with primary “lymphogenic”
edema (i.e., lymphedema) is analogous to the
designation of “cardiogenic” edema in bygone
days. It remained for cardiovascular imaging
and quantitative measurement of cardio-
vascular functions (beginning with cardiac
catheterization and now elaborated by
molecular techniques) to delineate in great
detail a spectrum of cardiovascular
“phenotypes” and most recently to provide
the basis for “genotypes” of an increasing
number of hereditary cardiovascular
disorders. Several of these syndromes
previously were described only by their non-
specific symptoms and signs when the heart
“failed” and “cardiogenic” edema
accumulated in the limbs, serous cavities, and
viscera. In a real sense, the search for the
genes involved in hereditary lymphedema
syndromes is a search for “lymphangio-
dysplasia genes” or “lymphangiogenesis
genes” rather than “lymphedema genes.”

The range of lymphangiodysplastic
phenotypes displayed on LAS in Families 1
and 4 included absence or paucity of
lymphatic trunks, abnormal distribution of
collectors, lymphatic reflux and incompe-
tence, decreased and increased lymph nodal
uptake, and mixed lymphatic and blood
vascular disturbances (e.g., combined
lymphatic and venous dysplasia/reflux). Of
interest, “uninvolved” limbs which were
either never swollen (Fig. 4C, left leg) or not
swollen at the time of study (Fig. 4E, left arm)
nonetheless exhibited distinct lymphatic
structural and functional abnormalities that
were not clinically apparent by history and
physical examination alone. This situation of
“asymptomatic” lymphatic disease is
analogous to “asymptomatic™ or “silent”
heart disease and emphasizes the critical
importance of lymphatic imaging in accurate
phenotyping of family pedigrees.

Lymphangiodysplasia represents an
abnormal pattern of development or growth
of the lymphatic vasculature. Great attention
has been directed toward understanding
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vasculogenesis (formation of primitive
vascular networks from mesenchymal
progenitors) and angiogenesis (capillary
sprouting from preexisting vessels) over the
past several decades since this phenomenon
was reproduced in vitro in endothelial cell
and mixed vascular tissue cultures. The focus,
however, has been almost entirely on blood
vessel growth (what we have termed
“hemangiogenesis”) (22). The analogous
process in the lymphatic vasculature
(“lymphangiogenesis”) has received scant
attention even though lymphatic (re)genera-
tion is both vigorous and essential, clinical
disorders of lymphangiogenesis are not
uncommon, and controversy persists as to
whether lymphatics and veins arise from a
common primordium in the jugular anlage
(centrifugal theory) or independently from
tissue mesenchyme (centripetal theory)
(22-25). Only in the past few years, as the
complex sequence of molecular events in
angiogenesis and vasculogenesis is being
unraveled, a cascade of vascular growth
factor ligands and their respective trans-
membrane receptors has been identified (26).
Moreover, a specific growth factor and its
receptor have been isolated that target and
characterize the lymphatic vasculature—
namely, vascular endothelial growth factor
(VEGF)-C and its receptor Flt4 on lymphatic
endothelial cells (27-30). Nonetheless, some
overlap in function with the blood
vasculature at least during development or in
pathologic states is likely.

Kimak et al (12) have recently shown in
3 large families a highly significant LOD
score for linkage of hereditary lymphedema
with the VEGF-C receptor (Flt4), which is
located in the distal region of the long arm of
chromosome 5 (31-35). Their abstract
mentions mutation analysis in 9 additional
families but mutations were only found in 3
families, presumably the same 3 showing the
linkage. Thus, locus heterogeneity is
suggested by this brief report. Although the
mutations segregated with the phenotype
were nonconservative (Pro 647 Ser, Pro 1126
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Leu), whether these are gain or loss of
function mutations is unclear. Overexpression
of VEGF-C, driven by a keratin promoter in
transgenic mice, resulted in lymphatic
endothelial proliferation and lymphatic
channel enlargement but not blood vessel
prominence (34). It might be predicted that
increased expression of the VEGF-C receptor
(VEGFR-3 is the name used in place of Flt4)
could also lead to increased lymphangio-
genesis. The homozygous knockout for
VEGFR-3 resulted in early embryonic death
with many blood vascular abnormalities (35).
However, the heterozygote was not noted to
display any lymphatic abnormalities. Thus, it
seems more likely that the two mutations
identified in 3 families (12) are gain of
function mutations. This narrow mutational
spectrum may suggest that the range of
tolerable mutations in VEGFR-3 is limited. It
is also of interest that of our Families 2, 3,
and 5 who had similar clinical phenotypes of
congenital onset, predominantly bilateral
lymphedema of the lower limbs which did not
become severe, only Family 2 has a possible
linkage to VEGFR-3.

As the search for the “lymphangiogenesis
gene(s)” continues, it will be of great interest
to see what other genes are involved in
hereditary lymphedema and mixed vascular
syndromes (note Family 4 with combined
lymphatic and venous abnormalities) as well
as in chromosomal aneuploidies associated
with lymphedema (11,36). How these genes
interact with variations in the VEGF-C
receptor, with the whole VEGF family and
other vascular growth factors and their
respective receptors, and with environmental
influences should not only elucidate
fundamental aspects of lymphatic and blood
vascular growth and development but also
provide the basis for new approaches to the
detection, evaluation, prevention and
treatment of these vexing, disabling, and at
times life-threatening disorders.
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Editor’s note: The Editor encourages ISL members
and Lymphology readers from around the world to
collaborate in the Hereditary Lymphedema project
and contribute pedigrees, which will be entered in the
developing ISL Lymphedema-Angiodysplasia
Database-Registry, and further to assist in the detailed
characterization of phenotypes and genotypes in these
disorders according to standardized protocols.
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