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Abstract. – OBJECTIVE: The aim of this quali-
tative review is to provide an update on the cur-
rent understanding of the genetic determinants 
of lipedema and to develop a genetic test to dif-
ferentiate lipedema from other diagnoses. 

MATERIALS AND METHODS: An electronic 
search was conducted in MEDLINE, PubMed, and 
Scopus for articles published in English up to 
March 2019. Lipedema and similar disorders in-
cluded in the differential diagnosis of lipedema 
were searched in the clinical synopsis section of 
OMIM, in GeneCards, Orphanet, and MalaCards.

RESULTS:� 7KH� VHDUFK� LGHQWLÀHG� VHYHUDO� JH-
netic factors related to the onset of lipedema and 
highlighted the utility of developing genetic diag-
nostic testing to help differentiate lipedema from 
other diagnoses.

CONCLUSIONS: No genetic tests or guidelines 
for molecular diagnosis of lipedema are current-
ly available, despite the fact that genetic testing 
is fundamental for the differential diagnosis of li-
pedema against Mendelian genetic obesity, pri-
mary lymphedema, and lipodystrophies.
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Introduction

Lipedema is an underdiagnosed chronic debil-
itating disease characterized by bruising and pain 
and excess of subcutaneous adipose tissue of the 
legs and/or arms in women during or after times 
of hormone change, especially in puberty1��$�GH¿-
nition of lipedema has not yet been included in the 
10th�UHYLVLRQ�RI�WKH�,QWHUQDWLRQDO�&ODVVL¿FDWLRQ�RI�
Diseases (ICD) by the World Health Organization 
(WHO) although an ICD-11 code of EF02.2 has 
EHHQ�SURSRVHG��7KH�¿UVW�JXLGHOLQHV�RQ�OLSHGHPD�
were proposed in 2015 in Germany and by oth-
HUV� LQ� �����XVLQJ� WKH� LQWHUQDWLRQDO� FODVVL¿FDWLRQ�
of functioning, disability and health2-4. Lipedema 
coexists frequently with obesity and can be easi-
ly confused with it. However, lipedema is distin-
guishable from obesity because it is located pri-
marily in the lower limbs and upper extremities 
sparing the trunk; lipedema minimally responds 
to diets. Finally, women with lipedema can have a 
normal Body Mass Index (BMI)5. Lipedema can 
be confused with lymphedema. There are sub-
stantial differences between these two diseases: 
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while lipedema is always bilateral, lymphedema 
can be unilateral or bilateral; distinctive features 
of lipedema are pain and bruising that are absent 
in lymphedema; and in lipedema, the Stemmer 
sign is negative6. Furthermore, lipedema may be 
associated with multiple lipomas on the arms and/
or trunk which are not found in lymphedema5,6. 
The prevalence of lipedema has been reported to 
be 1-9/1000007. However, it is notable that epide-
miological data can fail to recognize lipedema or 
include individuals who are misdiagnosed with 
other similar diseases, most commonly obesity, 
lymphedema, and lipodystrophies. Lipedema can 
be considered as one component of a spectrum of 
diseases that are characterized by the dysregu-
lated proliferation of adipose tissue and the pres-
ence of pain. The adiposis dolorosa (painful fat) 
spectrum of diseases includes: 1) “Generalized 
diffuse form of Dercum disease” where painful 
pearl-sized nodular subcutaneous adipose tissue 
is widespread throughout the body without larger 
masses; 2) “generalized nodular form of Dercum 
disease” where larger painful nodules are found 
on the arms, trunk, and thighs; 3) “lipedema”, a 
localized form of painful fat with characteristic 
distribution of pearl-sized nodular fat and larger 
masses on the limbs; 4) “localized nodular form 
of Dercum disease”, usually found around joints 
(juxta-articular type); and 5) “Madelung disease” 
or multiple symmetric lipomatosis with nodular 
fat and lipomas on the upper aspect of the body 
DOWKRXJK� D� ³J\QRLG� W\SH´� KDV� EHHQ� LGHQWL¿HG8,9 
(Figure 1). With a variety of diseases of painful 
IDW�� GLDJQRVLQJ� SDLQIXO� OLSHGHPD� PD\� EH� GLI¿-
cult; it would be useful to develop a genetic test 
that analyses all the genes known for Mendelian 
non-syndromic genetic obesity, primary lymph-
edema, and lipodystrophies when trying to diag-
nose a patient with lipedema, due to the clinical 
¿QGLQJV� WKHVH� GLVHDVHV� KROG� LQ� FRPPRQ10. This 
review aims to outline current knowledge about 
the genetics of lipedema and highlights the im-
portance of genetic testing for a more precise di-
agnosis of lipedema to separate it from similar 
appearing conditions.

Materials and Methods

This is a “qualitative review” in which, infor-
mation published about lipedema in referenced 
VFLHQWL¿F� MRXUQDOV� XQWLO� 0DUFK� ����� ZHUH� FRO-
lected. An electronic search was conducted in 

MEDLINE, PubMed and Scopus, using different 
combinations of the search terms and concepts “li-
pedema”, “lipedema genes”,” lipedema etiology”, 
“lipedema differential diagnosis”, “lipedema and 
obesity”, “lipedema and lymphedema”, “lipedema 
and lipodystropy”, “clinical manifestations of li-
pedema” and “lipedema genetic testing”. Articles 
LQ�(QJOLVK�ZHUH�¿UVW�FKRVHQ�E\�H[DPLQLQJ�WKH�WLWOH�
and abstract and, subsequently, analyzed by two 
independent readings of the whole text. Reference 
lists were scanned to retrieve other relevant arti-
cles. The reviewers assessed the full-text articles. 
A search for lipedema and similar disorders that 
overlap in the differential diagnoses was con-
ducted in the clinical synopsis section of OMIM, 
GeneCards, Orphanet and MalaCards. Orphanet 
GeneReviews, and Genetic Home Reference were 
VHDUFKHG�WR�¿QG�H[LVWLQJ�JHQHWLF�GLDJQRVWLF�WHVWV�
for lipedema. A general PubMed research was 
used to investigate clinical, diagnostic and genet-
ic testing guidelines regarding lipedema. Any dis-
agreements were solved through discussion until 
consensus.

Results

Clinical Aspects of Lipedema
Lipedema is a chronic condition of deposits of 

painful fat, primarily in the gynoid region, occurring 
at times of hormone change in women, especially 
at the time of puberty, that causes gait and joint ab-
normalities, and which eventually can result in the 
development of lymphedema, called lipo-lymphede-
ma. Clinically, lipedema has several features: abnor-
mal and painful adipose tissue on the legs, thighs, 
buttocks, and on the arms in 80%, of cases with a 
BMI that can be normal or increased without ab-
dominal obesity11��FKURQLF�SDLQ�WKDW�FDQ�VLJQL¿FDQW-
ly impact mobility; joint hypermobility associated 
with fatigue1,12,13; bruising due to increased capillary 
fragility14; edema in advanced stages or longstand-
ing lipedema15 and psychosocial stress and associ-
ated psychiatric disorders, especially anxiety and 
depression16�� 7KH�PDLQ� FODVVL¿FDWLRQV� RI� OLSHGHPD�
DUH�6FKLQJDOH�FODVVL¿FDWLRQ��7\SHV�,��,,��,,,��,9��DQG�
9��EDVHG�RQ�WKH�GLIIHUHQW�GLVWULEXWLRQ�RI�DGLSRVH�WLV-
sue2�DQG�6FKPHOOHU�DQG�0HLHU�9ROOUDWK�FODVVL¿FDWLRQ�
�6WDJHV� ,�� ,,�� ,,,�� DQG� ,9��GHSHQGLQJ�RQ� WKH� VHYHU-
ity of the disease12. Conservative treatments of li-
pedema include: manual lymphatic drainage as part 
of complex decongestive therapy, subcutaneous ad-
LSRVH�WLVVXH�WKHUDS\�WR�UHGXFH�¿EURVLV�DQG�LQFUHDVH�
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ÀXLG�ÀRZ�WKURXJK�WKH�WLVVXH��FRPSUHVVLRQ�JDUPHQW�
WKHUDS\�RU�ZUDSSLQJ�WR�UHGXFH�WLVVXH�ÀXLG��SK\VLFDO�
activity and healthy food plans to reduce any obesity 
component of lipedema, medical foods and supple-
ments (such as selenium, Butcher’s broom or dios-
min), deep breathing and psychosocial counseling. 
For patients with minimal or no improvement with 
conservative treatment, surgical treatments includ-
ing liposuction and reductive surgery are needed2. 
Lipedema is thought to be either primary (idiopath-
ic, probably genetic) or secondary, associated with 
hormonal disease, connective tissue disorders and/
or autoimmune disease17,18. The long-term effects of 
lipedema on lifespan are not known12.

Etiopathogenesis of Lipedema
Lipedema is a chronic disease of lipid metab-

olism resulting in the symmetrical deposition of 
subcutaneous adipose tissue associated with hy-
perplasia and/or hypertrophy of fat cells19. Etio-
pathogenesis is unclear but may be associated with 
impairment of a hormonal axis, since lipedema 
mainly affects females and its onset is primari-
ly around the time of puberty20. Estrogen has a 
direct effect on adipose tissue through estrogen 
receptors (ERs)21. Rarely, men are affected with 
lipedema. Men who develop lipedema tend to be 
hypogonadal or have liver disease resulting in rel-
atively elevated estrogen levels22. Estrogen may, 

Figure 1. Depiction of phenotypic overlap of different conditions characterized by subcutaneous fat accumulation. 
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multidisciplinary approach that evaluates the ge-
nome, the transcriptome, and the methylome.

Syndromic Lipedema
Lipedema may be present within a syndromic 

context. These diseases may be good models to 
determine the molecular pathways potentially in-
volved in isolated non-syndromic lipedema.

Example 1: One report associated a germline 
missense variant, c.196C>T (p.Pro24Leu), in PO-
U1F1A in a family with recurrence of short stature 
and swelling of legs which only affected females 
in four generations of the family. The only male 
found affected did not have a lipedema phenotype, 
only short stature. Affected family members also 
KDG�JURZWK�KRUPRQH�GH¿FLHQF\��VHFRQGDU\�K\SR-
thyroidism and hypoprolactinemia26. POU1F1A 
HQFRGHV� 3LW���� D� WUDQVFULSWLRQ� IDFWRU� VSHFL¿FDO-
ly expressed in the anterior pituitary gland, that 
regulates the expression of the growth hormone 
(GH), prolactin (PRL) and thyroid-stimulating 
hormone (TSH) beta-subunit genes27,28.

A pathogenic mutual translocation 46; 
;;�� W�������� �T�����T������ �&OLQ9DU� ,'��
6&9�������������LV�DVVRFLDWHG�ZLWK�YDULRXV�FRQ-
ditions, including lipedema29. The 10q25.2 and 
15q11.2 bands include several genes that are im-
portant for fat metabolism. For instance, changes 
in the chromosomal region 15q11.2, with loss of 
JHQH� DFWLYLW\� DUH� DVVRFLDWHG� ZLWK� VSHFL¿F� V\Q-
dromes, such as Prader-Willi syndrome (PWS), 
characterized by pathologic hyperphagia and 
obesity30. The genes that map in this region may 
be good candidates for the onset of lipedema. This 
is also supported by the observation of one of the 
authors, that report that lipedema is present in 5% 
of PWS patients (personal observation).

Example 2: Sotos syndrome 1 is caused by 
germline mutations in NSD1. A novel missense 
mutation, (p.Cys2175Ser) has been reported in a 
patient with a familial form of Sotos syndrome 
characterized by normal intelligence, insu-
lin-dependent diabetes, bronchial asthma, and 
lipedema. NSD1 encodes a protein that, together 
with associated co-regulators, enhances androgen 
receptor transactivation, therefore it may be part-
ly responsible for the estrogen-mediated lipedema 
tissue growth31.

Example 3: Williams-Beuren syndrome is a 
multi-systemic neurodevelopmental and meta-
bolic disorder. In some cases, lipedema can be 
present17,32. This syndrome is caused by deletion 
of a stretch of 27 genes in the chromosomal region 
7q11.2333 and the best candidates to explain the 

therefore, play a role in the development of fat and 
other tissues that have sex hormone receptors23. 
Almost certainly an altered ER pattern or respon-
siveness exists centrally, not only in the adipose 
tissue, which may provide an additional explana-
WLRQ�IRU�GLI¿FXOWLHV�LQ�J\QRLG�DQG�DUP�IDW�ORVV�LQ�
patients suffering from lipedema10,20. Additional 
mechanisms thought to play a role in the patho-
genesis of lipedema include increased vascular 
permeability and damage (microangiopathy), ex-
cessive lipid peroxidation, and disturbances in ad-
ipocyte metabolism and cytokine production20,21. 
In a recent study, cells of the stromal vascular 
IUDFWLRQ� �69)��� ZKLFK� LQFOXGHV� DGLSRVH�GHULYHG�
stromal stem and other cells from 30 patients with 
lipedema and 22 controls, were characterized. 
Of note, the yield of stem cells was higher from 
lipedema fat, which might be explained by an 
enhanced expression of the mesenchymal (con-
nective tissue) marker CD90 and the endothelial/
pericytic marker CD146 suggestive of growth. 
7KHVH�PDUNHUV�VSHFL¿FDOO\�VXJJHVW�WKHUH�PD\�EH�
a chronic capillary injury in lipedema leading to 
an increased need for repair and protection. De-
VSLWH� WKHVH�¿QGLQJV�� WKH�69)� LV� WKRXJKW� WR� EH� D�
suitable option for autologous tissue regeneration 
strategies in lipedema patients22. In summary, li-
pedema is a heterogeneous likely genetic disease, 
which manifests in parallel with female hormonal 
changes and leads to vasculo- and lymphangiop-
DWK\�� ,QÀDPPDWLRQ�RI� WKH�SHULSKHUDO� QHUYHV� DQG�
sympathetic innervation abnormalities of the sub-
cutaneous adipose tissue may be responsible for 
neuropathy with adipocyte hyperproliferation as 
a secondary phenomenon20.

Genetics of Lipedema
Primary Lipedema

Lipedema is thought to be an inherited disease 
in most cases. Self-reported positive family his-
tory of lipedema is found for up to 64% of wom-
en, therefore, a genetic etiology for lipedema is 
strongly suggested10. A possible link between the 
genetic factors and the hormonal role of estrogens 
in the development of lipedema has been hypoth-
esised24. Autosomal dominant inheritance with 
incomplete penetrance and sex limitation (most 
affected female family members) is the most like-
ly mode of inheritance12,25. Lipedema may be dif-
ferentiated into non-syndromic, syndromic and/or 
associated with comorbidities. To date, the gene 
associated with primary isolated lipedema has not 
EHHQ�LGHQWL¿HG��)RU�WKH�GLDJQRVLV�DQG�UHVHDUFK�RI�
the genetic basis of lipedema, it is necessary a 
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been detected in human benign tumors of mesen-
chymal origin, including lipomas42,43.

A rare case of autosomal dominant familial 
multiple subcutaneous lipomatosis (FML) and 
increased predilection to cancers co-segregat-
ing with a novel germline truncating mutation in 
PALB2 (c.2716delT) has been reported44.

Two patients with encephalocraniocutaneous 
lipomatosis, a congenital hamartomatous disor-
der characterized by unilateral skin lesions, lipo-
mas, and ipsilateral ophthamological and cerebral 
malformations, have been found to carry a KRAS 
somatic mutation c.436G>A (p.Ala146Thr) and a 
NF1 de novo germline truncating mutation, re-
spectively44-47.

PIK3CA somatic activating mutations, pre-
viously reported in cancer and overgrowth syn-
dromes, have been discovered in the affected 
WLVVXH�RI�LQGLYLGXDOV�ZLWK�IDFLDO�LQ¿OWUDWLQJ�OLSR-
matosis48. The syndrome of multiple symmetric 
lipomatosis, partial lipodystrophy and insulin re-
sistance is caused by germline mutations in LIPE. 
These mutations result in marked inhibition of li-
polysis from adipose tissue depots49 which could 
explain fat expansion in lipedema.

The Pierpont syndrome, a plantar lipoma-
tosis with limb abnormalities, unusual facies 
and developmental delay is caused by a de novo 
heterozygous missense mutation (p.Tyr446Cys) 
in TBL1XR150. In two cases, two different mu-
tations have been reported p.Cys325Tyr and 
p.Tyr446His51.

Hereditary retinoblastoma is caused by vari-
ants in RB1 (40% of mutations are germline, 
inherited or de novo; 60% of mutations are so-
matic). Retinoblastoma, an embryonic malignant 
neoplasm of retinal origin, is found in association 
with lipomatosis in less than 4% of the affected 
subjects52. Lipomatosis predisposition in hered-
itary retinoblastoma is not associated with spe-
FL¿F�RB1 variants but is probably determined by 
modifying factors53. Interestingly, the retinoblas-
WRPD�LQWHUDFWLQJ�]LQF�¿QJHU�JHQH�RIZ codes for a 
protein that is a downstream effector of estrogen 
action and is involved in an alternative intracel-
lular pathway, mediating the mitogenic effect of 
estradiol54,55�� D� ¿QGLQJ� WKDW�PD\� EH� SHUWLQHQW� WR�
lipedema.

In support of the hypothesis that multiple sym-
metric lipomatosis is caused by mitochondrial 
mutations10,56, there are several studies. A study 
reported that 32.4% (11/34) of cases affected by 
P\RFORQLF�HSLOHSV\�ZLWK�UDJJHG�UHG�¿EHUV��0(5-
RF) show the presence of multiple lipomatosis. 

involvement of subcutaneous fat tissue are ELN34, 
FZD935, MLXIPL36.

Example 4: Pseudoxanthoma elasticum (PXE) 
is another syndrome in which lipedema can be 
present. PXE mainly affects skin, eyes, and the 
cardiovascular and gastrointestinal systems and 
patients show a progressive mineralization of 
HODVWLF� ¿EHUV��$EQRUPDO� HODVWLF� ¿EHUV� VLPLODU� WR�
those found in PXE have been observed in skin 
lesions of patients with lipedema; furthermore, 
3;(� ¿EUREODVWV� VKRZ� DQ� LQFUHDVHG� FKROHVWHURO�
biosynthesis which could be important in the de-
velopment of lipedema fat tissue37. PXE can be 
either autosomal dominant or recessive and is due 
to germline mutations in ABCC6 and a subclinical 
form of PXE has been reported as predisposing 
to lipedema18,38. Although, to date, no mutations 
have been reported in ABCC6, in association with 
lipedema.

Example 5: Cutis laxa type III is a multisys-
tem connective tissue disorder characterized by 
wrinkled, inelastic skin, associated with a neu-
rologic component, retinopathy and the presence 
of abnormal fat pads on the buttocks and upper 
thighs. Cutis laxa type III can be either autosomal 
recessive or dominant and is caused by germline 
mutations in ALDH18A139, a gene that encodes an 
enzyme that catalyzes the reduction of glutamate 
to delta1-pyrroline-5-carboxylate, a critical step 
in the de novo biosynthesis of proline, ornithine, 
and arginine.

One study reports that hypermobility may be 
associated with lipedema; in this report, about 
50% of women with lipedema had joint hyper-
mobility suggesting that they may also have the 
common disorder known as hypermobile Ehlers 
Danlos syndrome (hEDS) formerly hypermobil-
ity type or type III13,21. Germline truncating mu-
tations in TNXB and a single germline variant in 
COL3A1, (p.Gly637Ser) have been found to cause 
the Ehlers-Danlos syndrome type III, to date, no 
mutations have been found in those two genes in 
association with lipedema40,41.

Clinically Overlapping Conditions 
with Lipedema

In thinking about a possible genetic test for 
lipedema, it is important to consider the genes 
mutated in conditions that may be phenotypically 
overlapping or confused with lipedema for differ-
ential diagnosis, such as lipomas or familial mul-
tiple lipomatosis.

For instance, disruption of HMGA2, located 
in the chromosomal band 12q14.3, has frequently 
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with upper body obesity compared to gynoid fat 
deposits, respectively.

FPLD4 is caused by heterozygous truncating 
mutations in PLIN1, encoding perilipin-1. This 
protein covers lipid storage droplets in adipo-
cytes, protecting them until they can be broken 
down by hormone-sensitive lipases. Perilipin-1 is 
the major cAMP-dependent protein kinase sub-
strate in adipocytes and may play a role in the in-
hibition of lipolysis63. The phenotype of women 
with FPLD4 is different from that of women with 
lipedema, with upper body obesity compared to 
gynoid fat deposits, respectively.

FPLD5 has been reported in a single case 
caused by a homozygous truncating mutation in 
CIDEC (p.Glu186*). Perilipin-1 and CIDEC are 
involved in the structure and function of adipo-
cyte lipid droplets63.

FPLD6 is caused by homozygous truncating 
mutations in LIPE, encoding hormone-sensitive 
lipase, which is involved in the regulation of li-
polysis63.

Akt2-linked lipodystrophy was described in a 
single family and is caused by heterozygous mis-
sense mutations in AKT2, which is a key mediator 
of insulin signaling downstream of the insulin re-
ceptor65. The phenotype of women with FPLD6 
is different from that of women with lipedema, 
with upper body obesity compared to gynoid fat 
deposits, respectively.

Familial partial lipodystrophies share common 
phenotypes. The typical loss of fat occurs to the 
buttocks and limbs and a gain of fat to the face, 
neck, and abdomen. Metabolic complications of 
the familial partial lipodystrophies include insu-
lin resistance, diabetes mellitus, hypertriglyceri-
demia, hepatic steatosis, hypertension, and coro-
nary artery disease, none of which correlates with 
the phenotype of lipedema. However, genes im-
portant in partial lipodystrophy may be important 
in modifying the phenotype of lipedema.

In an African-American pedigree with a novel 
autosomal dominant atypical FPLD, Garg et al66 
performed linkage analysis for candidate regions 
and whole-exome sequencing to identify the dis-
ease-causing mutation. The affected individuals 
had marked loss of the fat from the extremities, 
with excess fat in the face and neck, and metabolic 
FRPSOLFDWLRQV��7KH�DXWKRUV�LGHQWL¿HG�D�PXWDWLRQ�
�F����&!7��S�/HX��3KH��LQ�WKH�DGUHQRFHSWRU�Į��$�
(ADRA2A) in all affected subjects but not in the 
unaffected. ADRA2A regulates norepinephrine 
release and its activation reduces lipolysis in ad-
ipocytes. The mutation p.Leu68Phe presumably 

Of them, only 6 had isolated lipomatosis with no 
myopathic complaints and/or CNS involvement. 
All of these patients carried the m.8344A>G 
mutation in the MTTK, transcripted in the tR-
NALys57-59. In a multigenerational Canadian family 
with 8 affected members, the complete co-segre-
gation of the rare mitochondrial variant in MTTK 
(8344A>G) and the phenotype was reported60.

Multiple symmetric lipomatosis (Madelung 
disease), a rare disorder of adipocyte differentia-
tion characterized by benign, diffuse lipomatosis 
in the cephalic, cervical, and upper thoracic sub-
cutaneous depots, can carry biallelic mutations in 
MFN2, a gene encoding a mitochondrial protein 
already associated with Charcot-Marie-Tooth 
syndrome45,61.

Familial Partial Lipodystrophies 
and Lipedema

It is important to point out that in some cases 
of partial lipodystrophy there may be an accumu-
ODWLRQ�RI�VXEFXWDQHRXV�IDW�WLVVXH�LQ�VSHFL¿F�GHSRWV�
coupled with the reduction of fat in other regions. 
The majority of familial partial lipodystrophy 
(FPLD) syndromes are autosomal dominant. Phe-
notypically, patients with FPLD, type 2 and some 
of the other partial lipodystrophies lack limb and 
gluteal subcutaneous fat, while in FPLD, type 1, 
the abdomen shows weight gain and the limbs and 
buttocks lose fat62. In most cases, body fat redis-
tribution occurs during puberty. Adipose tissue in 
the face, neck and intra-abdominal areas may be 
increased in FPLD, type 2. Diabetes and metabol-
ic complications, such as coronary artery disease, 
occur in adulthood in these disorders63.

FPLD, type 2 is caused by autosomal domi-
nant mutations in LMNA, the most common be-
ing p.Arg482Gln; this gene encodes the nuclear 
lamin A/C protein. Fat loss typically occurs in the 
buttocks and limbs, and gain of fat occurs to the 
face, neck, abdominal viscera, and labia, although 
there is phenotypic variability. Patients may also 
have lipomas63. While lipedema may be misdiag-
nosed as lipodystrophy, the metabolic differences 
between lipedema, which confers low cardiovas-
cular risk, and FPLD, type 2, which confers high 
cardiovascular risk, are clear.

FPLD, type 3 is caused by heterozygous mis-
sense mutations in PPARG. Fat loss usually oc-
curs with loss of fat from the trunk, buttocks, and 
limbs and there is no increase in head and neck 
fat. However, there may be a gain of fat on the ab-
domen63,64. The phenotype of women with FPLD3 
is different from that of women with lipedema, 
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developed obesity on a high-fat diet, with severe 
insulin resistance and hepatic steatosis, which is, 
however, not seen in lipedema in the absence of 
obesity. However, they also showed altered fat 
distribution72.

)DW�VSHFL¿F�Sirt6 knockout mice are sensitized 
to high-fat diet–induced obesity resulting in adi-
pocyte hypertrophy caused by compromised lip-
olytic activity due to the decreased expression of 
the lipolytic enzyme, adipose tissue triglyceride 
OLSDVH��$7*/���)DW�VSHFL¿F�Sirt6 KO also showed 
LQFUHDVHG� LQÀDPPDWLRQ� LQ�DGLSRVH� WLVVXH��ZKLFK�
contributes to insulin resistance in high-fat diet–
IHG�PLFH��7KHVH�¿QGLQJV�DUH�FRQVLVWHQW�ZLWK� WKH�
reduced expression of SIRT6 and ATGL observed 
in obese patients73. Recently, in humans, it has 
been observed that, in the subcutaneous adipose 
WLVVXH�� LQFUHDVHG� ERG\�PDVV� LQGH[�PRGL¿HV� WKH�
expression of the genes encoding sirtuins and 
their target genes, which are metabolic regulators 
of adipose tissue74. Interestingly, SIRT6 is widely 
expressed in retinoblastomas, a tumor that in 4% 
of cases shows the presence of lipomatosis.

FGF21 improves systemic insulin sensitivity 
by promoting the healthy expansion of subcuta-
neous adipose tissue. FGF21 knockout mice show 
less subcutaneous adipose tissue and are more 
insulin-resistant when fed with a high-fat diet. 
Moreover, serum FGF21 levels positively cor-
relate with the subcutaneous adipose tissue area 
in insulin-sensitive obese individuals75.

IL18 receptor 1- knockout mice have an in-
creased susceptibility to dietary-induced obesity. 
It was observed by Pazos et al76 that Il18 knockout 
mice were extremely dietary obesity-prone and did 
not develop diet-induced thermogenesis as assessed 
by brown adipose tissue and white adipose tissue 
Ucp1 mRNA levels. Interestingly, women with li-
pedema have reported cold areas in fat tissue.

PANX1 encodes a glycoprotein, pannexin 1, 
which plays a key role in regulating the formation 
of adipocytes and fat accumulation. Increased adi-
pocyte size and decreased adipocyte numbers were 
observed in subcutaneous fat of the Panx1 knockout 
mice compared to wild-type mice. Knockout mice 
lacking Panx1�JHQH�KDYH�VLJQL¿FDQWO\�JUHDWHU�WRWDO�
fat mass and reduced lean mass under a normal diet. 
By metabolic cage data, it was observed that Panx1 
NQRFNRXW�PLFH�RQ�D�KLJK�IDW�GLHW�GLVSOD\�VLJQL¿FDQW-
ly increased activity levels, higher ambulatory activ-
ity, and reduced sleep duration with respect to wild 
type mice. Absence of the Panx1 protein also leads 
to increased insulin and blood glucose levels, which 
increase the risk of type 2 diabetes77.

causes a rare atypical FPLD by inducing exces-
sive lipolysis in certain adipose tissue depots66.

Candidate Genes from Genome-Wide 
Association and Animal Models Studies

Several types of studies have been conduct-
ed to identify candidate genes associated with 
lipedema: genome-wide association studies 
(GWAS) and studies on animal models.

LYPLAL1, TBX15, HOXC13, RSPO3, CPEB4, 
VEGFA, STAB1, GRB14, ZNRF3, and PIGC have 
been associated with subcutaneous adipose de-
pots by genome-wide association studies and con-
¿UPHG�E\�IXQFWLRQDO�DQDO\VHV��7KH�DVVRFLDWLRQ�RI�
these genes with body fat distribution is indepen-
dent of any effects of BMI and/or obesity, demon-
strating genetic control of body fat distribution, 
distinct from that of overall adiposity67,68.

ATXN1 and UBE2E2 play a physiological role 
in adipogenesis. In support of these genes as can-
didate genes for lipedema, seven loci associated 
ZLWK� HFWRSLF� IDW� WUDLWV� KDYH� EHHQ� LGHQWL¿HG� LQ� D�
PXOWL�HWKQLF��VDPSOH�VL]H�ZHLJKWHG��¿[HG�HIIHFWV�
genome-wide association meta-analysis study 
at the genomic level: ATXN1, UBE2E2, EBF1, 
RREB1, GSDMB, GRAMD3, ENSA. Functional 
analyses of ATXN1 and UBE2E showed that loss 
of Atxn1 or Ube2e2 in primary mouse adipose 
progenitor cells hindered differentiation of adipo-
cytes69.

VEGFR3 signaling is fundamental for the 
development and maintenance of the lymphatic 
vascular system70. VEGFR3 is associated with the 
development of lymphedema in humans71. Mice 
with VEGFR-3 gene heterozygous inactivating 
missense mutations have hypoplastic dermal 
lymphatics and thickening of the subcutaneous 
DGLSRVH� WLVVXH��9DVFXODU� HQGRWKHOLDO�JURZWK� IDF-
tors VEGFC and VEGFD stimulate lymphangio-
genesis, whereas VEGFR3 is a potent inhibitor of 
VEGFC/VEGFD signaling. In the skin of trans-
JHQLF�PLFH��9(*)5��LQKLELWV�IHWDO�O\PSKDQJLR-
genesis and induces regression of already formed 
lymphatic vessels, though the blood vasculature 
UHPDLQV� QRUPDO��7KH� WUDQVJHQLF�.���9(*)5�±
Ig mice show, besides other features, increased 
deposition of subcutaneous fat70.

The ablation of PRDM16 in mice adipocytes 
KDV� VLJQL¿FDQW� UHGXFWLRQV� LQ� WKHUPRJHQLF� JHQH�
expression and O2 consumption of white adi-
pose tissue, both in the basal state and following 
VWLPXODWLRQ�ZLWK� FROG� DQG�ȕ��DGUHQHUJLF� DJRQLVW�
treatment resulting in marked enlargement of 
the subcutaneous adipose tissue. These animals 
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QRXV�LQVXI¿FLHQF\82. In some cases, the MRI anal-
ysis of excised lipomatosis nodules revealed that 
they were angiolipomas LGHQWL¿DEOH�ZLWK�05,83. 
In another work, using MRI in women with li-
pedema, higher levels of sodium were found in 
the fat tissue with even early stage lipedema com-
pared to controls84 suggesting a strong role for 
lymphatic dysfunction in lipedema85.

The Streeten test may be considered as a 
functional test to differentiate lipedema from 
lymphedema2. General blood tests are important 
because patients with lipedema may have diseas-
es that are responsible for the worsening of their 
symptoms2.

Characterization of family history and clinical 
phenotype will be fundamental for genetic test-
ing in lipedema, as a causal mutation is thought 
to be important in this disease25. Currently, ge-
netic tests and guidelines for the molecular di-
agnosis of lipedema are not available. However, 
genetic testing to exclude overlapping conditions 
or syndromic lipedema would be of fundamental 
importance. Lipedema is often misdiagnosed be-
cause of its similarity with primary lymphedema, 
Mendelian non-syndromic obesity, and general-
ized and partial lipodystrophies. We propose the 
use of a genetic test based on the next generation 
sequencing of a panel of genes that could be in-
volved in syndromic lipedema and are involved 
in phenotypically overlapping disorders (obesity, 
lymphedema, and lipodystrophies) with similar 
adiposity to exclude these pathologies. After the 
exclusion of the presence of known pathogenic 
mutations in both blood (germline mutations) and 
affected tissue (somatic mutations), whole exome/
genome sequencing would be required to identify 
the still-unknown gene (2). In Figure 2, a possible 
and ideal diagnostic genetic test for lipedema is 
schematized.

Conclusions

Lipedema is a very disabling disease that affects 
the quality of life, but unfortunately, it may be easily 
misdiagnosed1. It belongs to a spectrum of the lo-
calized painful depots of subcutaneous adipose tis-
sue (adiposis dolorosa) that includes a generalized/
localized/diffuse/nodular form of Dercum disease, 
Madelung disease (multiple symmetric lipomatosis), 
partial lipodystrophy, familial multiple lipomatosis, 
and lymphedema. A timely and accurate diagnosis 
of lipedema is essential for early intervention and 
treatment of the disease to prevent the development 

SCD1 encodes an enzyme that catalyzes the 
synthesis of monounsaturated fatty acids and is an 
important regulator of whole-body energy homeo-
stasis. Knockout mice lacking Scd1 gene display 
marked sebaceous gland hypoplasia, depletion of 
sebaceous lipids, increased energy expenditure 
and protection from high-fat diet-induced obesity, 
and severe cold intolerance. mRNA levels of SCD1 
in subcutaneous adipose tissue correlate with BMI 
in morbidly obese subjects78. SCD1 mRNA levels 
have not been tested in lipedema but loss of SCD1 
activity was inferred due to the lower levels of un-
saturated fatty acids from subcutaneous adipose 
tissue of people with fat disorders79.

PROX1 is a gene correlated to leaky lymphatic 
vessels as observed by studying mice with func-
tional inactivation of a single allele of this homeo-
box gene. PROX1 is fundamental for lymphatic 
vascular development and Prox1 knockout mice 
are obese. Prox1� KDSORLQVXI¿FLHQF\� UHVXOWV� LQ�
subcutaneous and intra-abdominal fat accumula-
tion in mice80, a potential subclinical cause for the 
accumulation of lipedema fat tissue.

ZPF423 HQFRGHV�D�PXOWL�]LQF�¿QJHU�WUDQVFULS-
tion factor expressed in preadipocytes and mature 
adipocytes in vivo and is responsible for the ter-
minal differentiation of subcutaneous white adi-
pose tissue. Knocking out Zfp423 in mice results 
in white-to-beige phenotypic adipocytes switch. 
When Zfp423 is removed from precursors and/or 
actively differentiating cells, there is a defect in 
the terminal differentiation of white adipocytes. 
The loss of lipid in the adipocytes in the absence 
of Zfp423 is due to lower expression of 33$5Ȗ 
and other adipocyte-selective genes. Therefore, 
ZFP423 has a fundamental role in the establish-
ment and maintenance of the white adipose lin-
eage81 and could be speculated to play a role in 
maintenance of lipedema fat.

Lipedema Diagnosis and Genetic Test 
The diagnosis of lipedema is mainly based on 

the medical history and physical examination of 
the patient2. Multiple imaging techniques such as 
ultrasound, magnetic resonance imaging (MRI) 
WKDW� DOORZV� LGHQWL¿FDWLRQ� RI� VXEFOLQLFDO� QRGXOHV��
computed tomography, lymphoangioscintigra-
phy, indirect lymphangiography, and dual energy 
X-ray absorptiometry have all been applied in the 
diagnosis and study of lipedema. Fluorescence 
micrography makes it possible to detect multiple 
microaneurysms in lymphatic capillaries in the 
skin regions affected by lipedema not detectable 
in other pathologies, such as scleroderma and ve-
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known and there are no current reliable biomarkers 
or imaging modalities. Currently, the gene/s associ-
ated with primary lipedema are not known, whereas 
some genes associated with syndromic lipedema are 
known. Genome-wide association and animal mod-
els studies have made it possible to identify possible 
candidate genes and genetic pathways involved in 
the onset of lipedema. The advent of new molecular 
technologies will improve research and diagnostic 

of co-morbidities. For this purpose, it is important to 
develop a genetic test for lipedema based on increas-
ing knowledge of causative genes for other disorders 
and rapid advances in genetic screening technolo-
gies. Lipedema is an inherited disease expressed 
mainly in females, with males serving as carriers27,86. 
Lipedema is a relatively poorly studied disease, in 
fact, the mechanisms concerning the etiopathogen-
esis and the genetics of lipedema are not yet fully 

Figure 2. Scheme of a possible and ideal diagnostic genetic test for genetic subcutaneous fat accumulation. 
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process, ensuring the possibility of more effective 
prevention and treatment with clear improvements 
in the management of lipedema patients. The de-
velopment of a genetic test containing candidate 
genes for lipedema and causative genes of dis-
eases that can be confused with lipedema will be 
IXQGDPHQWDO�WR�¿QG�WKH�HWLRORJ\�RI�OLSHGHPD�DQG�
to provide patients with more targeted care and 
follow-up. By analysis of the whole exome with 
NGS technology in the patient and their parents 
FRXOG�DOORZ�LGHQWL¿FDWLRQ�RI�QHZ�FDQGLGDWH�JHQHV�
for lipedema87 but the phenotype must be clearly 
GH¿QHG�� $�PXOWLGLVFLSOLQDU\� DSSURDFK� DQG� ZLWK�
different technologies would be needed. Under-
standing the molecular mechanisms underlying 
the onset of lipedema requires a multi-pronged 
approach based on, for instance, genome, tran-
scriptome and methylome studies. Hopefully, the 
use of NGS technologies will help clinicians clas-
sify people that meet the criteria for the adiposis 
dolorosa spectrum.
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8UEDQ�	�)LVFKHU�������

 28) GonzálEz-parra s, CHoWEn Ja, GarCía-sEGura lm, 
arGEntE J.� ,Q� YLYR� DQG� LQ� YLWUR� UHJXODWLRQ�RI� SLWX-
LWDU\� WUDQVFULSWLRQ� IDFWRU��� �3LW���� E\� FKDQJHV� LQ�
WKH� KRUPRQH� HQYLURQPHQW�� 1HXURHQGRFULQRORJ\�
���������������

 29) rEDin C, BranD H, Collins rl, Kammin t, mitCHEll E, 
HoDGE JC, HansCom C, pillalamarri v, sEaBra Cm, 
aBBott m, aBDul-raHman oa, aBErG E, aDlEY r, al-
Caraz-EstraDa sl, alKuraYa fs, an Y, anDErson ma, 
antoliK C, anYanE-YEBoa K, atKin Jf, BartEll t, BErnstEin 
Ja, BEYEr E, BlumEntHal i, BonGErs Em, Brilstra EH, 
BroWn CW, BrüGGEnWirtH Ht, CallEWaErt B, CHianG C, 
CorninG K, Cox H, CuppEn E, Currall BB, CusHinG t, 
DaviD D, DEarDorff ma, DHEEDEnE a, D’HooGHE m, 
DE vriEs BB, Earl Dl, fErGuson Hl, fisHEr H, fitzpat-
riCK Dr, GErrol p, GiaCHino D, GlEssnEr Jt, GliEm t, 
GraDY m, GraHam BH, Griffis C, Gripp KW, Gropman 
al, Hanson-KaHn a, Harris DJ, HaYDEn ma, Hill r, 
HoCHstEnBaCH r, Hoffman JD, HopKin rJ, HuBsHman 
mW, innEs am, irons m, irvinG m, JaCoBsEn JC, Jans-
sEns s, JEWEtt t, JoHnson Jp, JonGmans mC, KaHlEr sG, 
KoolEn Da, KorzElius J, KroisEl pm, laCassiE Y, laWlEss 
W, lEmYrE E, lEppiG K, lEvin av, li H, li H, liao EC, 
lim C, losE EJ, luCEntE D, maCEra mJ, manavalan p, 
manDrilE G, marCElis Cl, marGolin l, mason t, mass-
Er-frYE D, mCClEllan mW, mEnDoza CJ, mEntEn B, 
miDDElKamp s, miKami lr, moE E, moHammED s, monon-
En t, mortEnson mE, moYa G, niEuWint aW, orDulu 
z, parKasH s, pauKEr sp, pErEira s, pErrin D, pHElan K, 
aGuilar rE, poDDiGHE pJ, prEGno G, rasKin s, rEis l, 
rHEaD W, rita D, rEnKEns i, roElEns f, ruliEra J, rump 
p, sCHilit sl, sHaHEEn r, sparKEs r, spiEGEl E, stEvEns B, 
stonE mr, taGoE J, tHaKuria Jv, van Bon BW, van DE 
Kamp J, van DEr BurGt i, van EssEn t, van ravEnsWaa-
iJ-arts Cm, van roosmalEn mJ, vErGult s, volKEr-touW 
Cm, WarBurton Dp, WatErman mJ, WilEY s, Wilson a, 
YErEna-DE vEGa mC, zori rt, lEvY B, BrunnEr HG, DE 
lEEuW n, KloostErman Wp, tHorlanD EC, morton CC, 
GusElla Jf, talKoWsKi mE��7KH�JHQRPLF�ODQGVFDSH�RI�
EDODQFHG�F\WRJHQHWLF�DEQRUPDOLWLHV�DVVRFLDWHG�ZLWK�
KXPDQ�FRQJHQLWDO�DQRPDOLHV��1DW�*HQHW�����������
������

 30) BuitinG K.� 3UDGHU�:LOOL� V\QGURPH� DQG� $QJHOPDQ�
V\QGURPH��$P�-�0HG�*HQHW�&�6HPLQ�0HG�*HQHW�
�������������������

 31) zECHnEr u, KoHlsCHmiDt n, KEmpf o, GEBauEr K, 
HauG K, EnGEls H, Haaf t, BartsCH o�� )DPLOLDO�
6RWRV� V\QGURPH� FDXVHG� E\� D� QRYHO� PLVVHQVH�
PXWDWLRQ��&����6�� LQ�16'��DQG�DVVRFLDWHG�ZLWK�
QRUPDO� LQWHOOLJHQFH�� LQVXOLQ� GHSHQGHQW� GLDEHWHV��
EURQFKLDO�DVWKPD��DQG�OLSHGHPD��(XU�-�0HG�*HQ-
HW�������������������

 32) sHaiKH s, WaxlEr Jl, lEE H, GrinKE K, GarrY J, poBEr 
Br, stanlEY tl.� *OXFRVH� DQG� OLSLG� PHWDEROLVP��
ERQH�GHQVLW\��DQG�ERG\�FRPSRVLWLRQ� LQ� LQGLYLGX-
DOV�ZLWK�:LOOLDPV�V\QGURPH��&OLQ�(QGRFULQRO��2[I��
������������������

 33) morris Ca.� :LOOLDPV� 6\QGURPH�� *HQH5HYLHZV��
6HDWWOH��:$���8QLYHUVLW\�RI�:DVKLQJWRQ�������
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 58) GámEz J, plaYán a, anDrEu al, Bruno C, navarro 
C, CErvEra C, arBós ma, sCHWartz s, EnriquEz Ja, 
montoYa J.� )DPLOLDO� PXOWLSOH� V\PPHWULF� OLSRPD-
WRVLV� DVVRFLDWHG� ZLWK� WKH� $����*� PXWDWLRQ� RI�
PLWRFKRQGULDO�'1$��1HXURORJ\�������������������

 59) manCuso m, orsuCCi D, anGElini C, BErtini E, CarElli 
v, Comi Gp, minEtti C, moGGio m, monGini t, sErviDEi 
s, tonin p, tosCano a, uziEl G, Bruno C, CalDarazzo 
iEnCo E, filosto m, lampErti C, martinElli D, moroni 
i, musumECi o, pEGoraro E, ronCHi D, santorElli 
fm, sauCHElli D, sCarpElli m, sCiaCCo m, spinazzi 
m, valEntino ml, vErCElli l, zEviani m, siCiliano 
G. 3KHQRW\SLF� KHWHURJHQHLW\� RI� WKH� ����$!*�
PW'1$�´0(55)µ�PXWDWLRQ��1HXURORJ\�����������
����������

 60) pErEra u, KEnnEDY Ba, HEGElE ra.� 0XOWLSOH� V\P-
PHWULF�OLSRPDWRVLV��0DGHOXQJ�GLVHDVH��LQ�D�ODUJH�
&DQDGLDQ� IDPLO\� ZLWK� WKH� PLWRFKRQGULDO� 077.�
F�����$!*�YDULDQW�� -� ,QYHVWLJ�0HG�+LJK� ,PSDFW�
&DVH�5HS���������������������������

 61) CapEl E, vatiEr C, CErvEra p, stoJKoviC t, DissE E, 
CottErEau as, auClair m, vErpont mC, mosBaH H, 
GourDY p, BarrauD s, miquEl a, züCHnEr s, Bon-
nEfonD a, froGuEl p, CHristin-maitrE s, DElEmEr B, 
fèvE B, lavillE m, roBErt J, tEnEnBaum f, lasCols o, 
viGouroux C, Jéru i. 0)1��DVVRFLDWHG�OLSRPDWRVLV��
FOLQLFDO�VSHFWUXP�DQG�LPSDFW�RQ�DGLSRVH�WLVVXH��-�
&OLQ�/LSLGRO���������������������

 62) HErBst Kl, tannoCK lr, DEEB ss, purnEll Jq, Brun-
zEll JD, CHait a.� .|EEHUOLQJ� W\SH� RI� IDPLOLDO� SDU-
WLDO�OLSRG\VWURSK\��DQ�XQGHUUHFRJQL]HG�V\QGURPH��
'LDEHWHV�&DUH���������������������

 63) liGHtBournE m, BroWn rJ. *HQHWLFV�RI� OLSRG\VWUR-
SK\�� (QGRFULQRO�0HWDE�&OLQ�1RUWK� $P� ������ ����
��������

 64) BroEKEma mf, savaGE DB, monaJEmi H, KalKHovEn 
E.�*HQH�JHQH�DQG�JHQH�HQYLURQPHQW�LQWHUDFWLRQV�
LQ� OLSRG\VWURSK\�� OHVVRQV� OHDUQHG� IURP� QDWXUDO�
33$5ќ�PXWDQWV��%LRFKLP�%LRSK\V�$FWD�0RO�&HOO�
%LRO�/LSLGV���������������������

 65) sHEarin al, monKs Br, sEalE p, BirnBaum mJ. /DFN�RI�
$.7� LQ�DGLSRF\WHV�FDXVHV�VHYHUH� OLSRG\VWURSK\��
0RO�0HWDE������������������

 66) GarG a, sanKElla s, xinG C, aGarWal aK. :KROH�
H[RPH� VHTXHQFLQJ� LGHQWLÀHV� $'5$�$�PXWDWLRQ�
LQ� DW\SLFDO� IDPLOLDO� SDUWLDO� OLSRG\VWURSK\�� -&,� ,Q-
VLJKW�������������SLL��H������

 67) GEsta s, BlüHEr m, Yamamoto Y, norris aW, BErnDt 
J, KralisCH s, BouCHEr J, lEWis C, KaHn Cr.�(YLGHQFH�
IRU�D�UROH�RI�GHYHORSPHQWDO�JHQHV�LQ�WKH�RULJLQ�RI�
REHVLW\�DQG�ERG\�IDW�GLVWULEXWLRQ��3URF�1DWO�$FDG�
6FL�8�6�$����������������������

 68) HEiD im, JaCKson au, ranDall JC WinKlEr tW, qi 
l, stEintHorsDottir v, tHorlEifsson G, zilliKEns mC, 
spEliotEs EK, mäGi r, WorKalEmaHu t, WHitE CC, 
Bouatia-naJi n, Harris tB, BErnDt si, inGElsson E, 
WillEr CJ, WEEDon mn, luan J, vEDantam s, EsKo 
t, KilpEläinEn to, KutaliK z, li s, monDa Kl, Dixon 
al, HolmEs CC, Kaplan lm, lianG l, min Jl, moffatt 
mf, molonY C, niCHolson G, sCHaDt EE, zonDErvan 
Kt, fEitosa mf, fErrEira t, lanGo allEn H, WEYant 
rJ, WHEElEr E, WooD ar; maGiC, EstraDa K, GoD-
DarD mE, lEttrE G, manGino m, nYHolt Dr, purCEll 
s, smitH av, vissCHEr pm, YanG J, mCCarroll sa, 
nEmEsH J, voiGHt Bf, aBsHEr D, amin n, aspElunD 

 46) lEGius E, Wu r, EYssEn m, marYnEn p, frYns Jp, Cas-
siman JJ.� (QFHSKDORFUDQLRFXWDQHRXV� OLSRPDWRVLV�
ZLWK� D�PXWDWLRQ� LQ� WKH� 1)�� JHQH�� -�0HG�*HQHW�
������������������

 47) BoppuDi s, BöGErsHausEn n, HovE HB, pErCin Ef, 
aslan D, DvorsKY r, KaYHan G, li Y, CursiEfEn C, 
tantCHEva-poor i, toft pB, BartsCH o, lissEWsKi C, 
WiElanD i, JaKuBiCzKa s, WollniK B, aHmaDian mr, 
HEinDl lm, zEnKEr m.�6SHFLÀF�PRVDLF�.5$6�PXWD-
WLRQV�DIIHFWLQJ�FRGRQ�����FDXVH�RFXORHFWRGHUPDO�
V\QGURPH� DQG� HQFHSKDORFUDQLRFXWDQHRXV� OLSR-
PDWRVLV��&OLQ�*HQHW�������������������

 48) maClEllan ra, luKs vl, vivEro mp, mulliKEn JB, 
zuraKoWsKi D, paDWa Bl, Warman ml, GrEEnE aK, 
KurEK KC. 3,.�&$� DFWLYDWLQJ� PXWDWLRQV� LQ� IDFLDO�
LQÀOWUDWLQJ�OLSRPDWRVLV��3ODVW�5HFRQVWU�6XUJ�������
�������H��H�

 49) zolotov s, xinG C, maHamiD r, sHalata a, sHEiKH-
aHmaD m, GarG a.� +RPR]\JRXV� /,3(� PXWDWLRQ�
LQ� VLEOLQJV� ZLWK� PXOWLSOH� V\PPHWULF� OLSRPDWRVLV��
SDUWLDO� OLSRG\VWURSK\�� DQG� P\RSDWK\�� $P� -� 0HG�
*HQHW�$��������������������

 50) HEinEn Ca, JonGEJan a, Watson pJ, rEDEKEr B, BoEl-
En a, BouDzovitCH-surovtsEva o, forzano f, HorDiJK 
r, KEllEY r, olnEY aH, piErpont mE, sCHaEfEr GB, 
stEWart f, van trotsEnBurG as, fliErs E, sCHWaBE 
JW, HEnnEKam rC.�$�VSHFLÀF�PXWDWLRQ�LQ7%/�;5��
FDXVHV� 3LHUSRQW� V\QGURPH�� -�0HG�*HQHW� ������
������������

 51) lEmattrE C, tHEvEnon J, DuffourD Y, namBot s, Ha-
quEt E, vuaDEllE B, GEnEviEvE D, sarDa p, BruEl al, 
KuEntz p, WElls Cf, faivrE l, WillEms m.�7%/�;5��
PXWDWLRQV�LQ�3LHUSRQW�V\QGURPH�DUH�QRW�UHVWULFWHG�
WR�WKH�UHFXUUHQW�S�7\U���&\V�PXWDWLRQ��$P�-�0HG�
*HQHW�$����������������������

 52) tEnna s, BaronE m, GiGliofiorito p, pErsiCHEtti p.�5HWL-
QREODVWRPD�SOXV� OLSRPDWRVLV�� DQ� DXWRVRPDO� GRPL-
QDQW�V\QGURPH��$UFK�3ODVW�6XUJ�������������������

 53) GEnuarDi m, Klutz m, DEvriEnDt K, Caruso D, stirpE 
m, loHmann Dr.�0XOWLSOH�OLSRPDV�OLQNHG�WR�DQ�5%��
JHQH�PXWDWLRQ� LQ�D� ODUJH�SHGLJUHH�ZLWK� ORZ�SHQ-
HWUDQFH� UHWLQREODVWRPD��(XU�-�+XP�*HQHW�������
�����������

 54) liu l, sHao G, stEElE-pErKins G, HuanG s.� 7KH�
UHWLQREODVWRPD� LQWHUDFWLQJ� ]LQF� ÀQJHU� JHQH� 5,=�
SURGXFHV� D� 35� GRPDLQ�ODFNLQJ� SURGXFW� WKURXJK�
DQ� LQWHUQDO� SURPRWHU�� -� %LRO� &KHP� ������ �����
����������

 55) aBBonDanza C, mEDiCi n, niGro v, rossi v, Gallo 
l, piluso G, BElsito a, rosCiGno a, BontEmpo p, 
puCa aa, molinari am, monCHarmont B, puCa 
Ga.� 7KH� UHWLQREODVWRPD�LQWHUDFWLQJ� ]LQF�ÀQJHU�
SURWHLQ�5,=� LV� D� GRZQVWUHDP�HIIHFWRU� RI� HVWUR-
JHQ�DFWLRQ��3URF�1DWO�$FDG�6FL�8�6�$�����������
����������

 56) KlopstoCK t, naumann m, sCHalKE B, BisCHof f, 
sEiBEl p, Kottlors m, ECKErt p, rEinErs K, toYKa Kv, 
rEiCHmann H.�0XOWLSOH� V\PPHWULF� OLSRPDWRVLV�� DE-
QRUPDOLWLHV�LQ�FRPSOH[�,9�DQG�PXOWLSOH�GHOHWLRQV�LQ�
PLWRFKRQGULDO�'1$��1HXURORJ\�������������������

 57) CHonG ps, vuCiC s, HEDlEY-WHYtE Et, DrEYEr m, Cros 
D. 0XOWLSOH� V\PPHWULF� OLSRPDWRVLV� �0DGHOXQJ·V�
GLVHDVH�� FDXVHG� E\� WKH� 0(55)� �$����*�� PX-
WDWLRQ�� D� UHSRUW� RI� WZR� FDVHV� DQG� UHYLHZ� RI� WKH�
OLWHUDWXUH��-�&OLQ�1HXURPXVFXO�'LV��������������
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 70) mäKinEn t, Jussila l, vEiKKola t, KarpanEn t, KEttunEn 
mi, pulKKanEn KJ, KauppinEn r, JaCKson DG, KuBo H, 
nisHiKaWa s, Ylä-HErttuala s, alitalo K. ,QKLELWLRQ�RI�
O\PSKDQJLRJHQHVLV�ZLWK�UHVXOWLQJ�O\PSKHGHPD�LQ�
WUDQVJHQLF�PLFH�H[SUHVVLQJ�VROXEOH�9(*)�UHFHS-
WRU����1DW�0HG������������������

 71) mEnDola a, sCHlöGEl mJ, GHalamKarpour a, irrtHum 
a, nGuYEn Hl, fastré E, BYGum a, van DEr vlEutEn C, 
faGErBErG C, BasElGa E, quErE i, mulliKEn JB, Boon 
lm, BrouillarD p, viKKula m; /\PSKHGHPD� 5H-
VHDUFK�*URXS��0XWDWLRQV� LQ� WKH�9(*)5��VLJQDO-
LQJ�SDWKZD\�H[SODLQ�����RI�IDPLOLDO�O\PSKHGHPD��
0RO�6\QGURPRO������������������

 72) CoHEn p, lEvY JD, zHanG Y, frontini a, KoloDin Dp, 
svEnsson KJ, lo JC, zEnG x, YE l, KHanDEKar mJ, 
Wu J, GunaWarDana sC, BanKs as, CamporEz Jp, 
JurCzaK mJ,KaJimura s, piston DW, matHis D, Cinti 
s, sHulman Gi, sEalE p, spiEGElman Bm.�$EODWLRQ�RI�
35'0��� DQG� EHLJH� DGLSRVH� FDXVHV� PHWDEROLF�
G\VIXQFWLRQ� DQG� D� VXEFXWDQHRXV� WR� YLVFHUDO� IDW�
VZLWFK��&HOO��������������������

 73) KuanG J, zHanG Y, liu q, sHEn J, pu s, CHEnG s, CHEn 
l, li H, Wu t, li r, li Y, zou m, zHanG z, JianG W, 
xu G, qu a, xiE W, HE J.�)DW�VSHFLÀF�6LUW��DEODWLRQ�
VHQVLWL]HV� PLFH� WR� KLJK�IDW� GLHW�LQGXFHG� REHVLW\�
DQG�LQVXOLQ�5HVLVWDQFH�E\�LQKLELWLQJ�OLSRO\VLV��'LD-
EHWHV���������������������

 74) martínEz-JiménEz v, CortEz-Espinosa n, roDríGuEz-
varEla E, vEGa-CárDEnas m, BrionEs-Espinoza m, 
ruíz-roDríGuEz vm, lópEz-lópEz n, BrisEño-mEDina 
a, turiJán-Espinoza E, portalEs-pérEz Dp.� $OWHUHG�
OHYHOV� RI� VLUWXLQ� JHQHV� �6,57��� 6,57��� 6,57��
DQG�6,57���DQG�WKHLU�WDUJHW�JHQHV�LQ�DGLSRVH�WLV-
VXH�IURP�LQGLYLGXDO�ZLWK�REHVLW\��'LDEHWHV�0HWDE�
6\QGU�������������������

 75) li H, Wu G, fanG q, zHanG m, Hui x, sHEnG B, Wu l, 
Bao Y, li p, xu a, Jia W.�)LEUREODVW�JURZWK�IDFWRU����
LQFUHDVHV�LQVXOLQ�VHQVLWLYLW\�WKURXJK�VSHFLÀF�H[SDQ-
VLRQ�RI�VXEFXWDQHRXV�IDW��1DW�&RPPXQ��������������

 76) pazos p, lima l, tovar s, GonzálEz-touCEDa D, DiéGuEz 
C, GarCía mC. 'LYHUJHQW�UHVSRQVHV�WR�WKHUPRJHQLF�
VWLPXOL� LQ� %$7� DQG� VXEFXWDQHRXV� DGLSRVH� WLVVXH�
IURP�LQWHUOHXNLQ����DQG�LQWHUOHXNLQ����UHFHSWRU���GH-
ÀFLHQW�PLFH��6FL�5HS����������������

 77) lEE vr, Barr KJ, KEllY JJ, JoHnston D, BroWn CfC, 
roBB Kp, saYEDYaHossEin s, HuanG K, Gros r, flYnn 
lE, pEnuEla s.�3DQQH[LQ���UHJXODWHV�DGLSRVH�VWUR-
PDO�FHOO�GLIIHUHQWLDWLRQ�DQG� IDW�DFFXPXODWLRQ��6FL�
5HS����������������

 78) miKa a, KasKa l, KorCzYnsKa J, miroWsKa a, stEp-
noWsKi p, proCzKo m, ratniCKi‐sKluCKi K, GoYKE E, 
slEDzinsKi t.� 9LVFHUDO� DQG� VXEFXWDQHRXV� DGLSRVH�
WLVVXH� VWHDUR\OɅ&R$� GHVDWXUDVHɅ�� P51$� OHYHOV�
DQG� IDWW\� DFLG� GHVDWXUDWLRQ� LQGH[� SRVLWLYHO\� FRU-
UHODWH�ZLWK�%0,� LQ�PRUELGO\�REHVH�ZRPHQ��(XU�-�
/LSLG�6FL�7HFKQRO��������������������

 79) YEE JK, pHillips sa, allamEHzaDEH K, HErBst Kl.�6XE-
FXWDQHRXV�DGLSRVH�WLVVXH�IDWW\�DFLG�GHVDWXUDWLRQ�
LQ�DGXOWV�ZLWK�DQG�ZLWKRXW�UDUH�DGLSRVH�GLVRUGHUV��
/LSLGV�+HDOWK�'LV��������������

 80) HarvEY nl, srinivasan rs, DillarD mE, JoHnson 
nC, WittE mH, BoYD K, slEEman mW, olivEr G. 
/\PSKDWLF� YDVFXODU� GHIHFWV� SURPRWHG� E\� 3UR[��
KDSORLQVXIÀFLHQF\�FDXVH�DGXOW�RQVHW�REHVLW\��1DW�
*HQHW���������������������

t, Coin l, GlazEr nl, HaYWarD C, HEarD-Costa nl, 
HottEnGa JJ, JoHansson a, JoHnson t, KaaKinEn m, 
Kapur K, KEtKar s, KnoWlEs JW, Kraft p, KraJa at, 
lamina C, lEitzmann mf, mCKniGHt B, morris ap, 
onG KK, pErrY Jr, pEtErs mJ, polasEK o, proKopEnKo 
i, raYnEr nW, ripatti s, rivaDEnEira f, roBErtson nr, 
sanna s, sovio u, suraKKa i, tEumEr a, van WinG-
ErDEn s, vitart v, zHao JH, CavalCanti-proEnça C, 
CHinEs ps, fisHEr E, KulzEr Jr, lECoEur C, narisu n, 
sanDHolt C, sCott lJ, silanDEr K, starK K, tammEsoo 
ml, tEsloviCH tm, timpson nJ, WatanaBE rm, WElCH 
r, CHasman Di, CoopEr mn, Jansson Jo, KEttunEn 
J, laWrEnCE rW, pElliKKa n, pErola m, vanDEnput l, 
alavErE H, almGrEn p, atWooD lD, BEnnEtt aJ, Bif-
far r, BonnYCastlE ll, BornstEin sr, BuCHanan ta, 
CampBEll H, DaY in, DEi m, Dörr m, Elliott p, ErDos 
mr, EriKsson JG, frEimEr nB, fu m, GaGEt s, GEus 
EJ, GJEsinG ap, GrallErt H, GrässlEr J, GrovEs CJ, 
GuiDuCCi C, HartiKainEn al, Hassanali n, Havulinna 
as, HErziG KH, HiCKs aa, Hui J, iGl W, JousilaHti p, 
Jula a, KaJantiE E, KinnunEn l, KolCiC i, KosKinEn s, 
KovaCs p, KroEmEr HK, KrzElJ v, Kuusisto J, KvaloY K, 
laitinEn J, lantiEri o, latHrop Gm, loKKi ml, luBEn 
rn, luDWiG B, mCarDlE Wl, mCCartHY a, morKEn 
ma, nElis m, nEvillE mJ, paré G, parKEr an, pEDEn 
Jf, piCHlEr i, piEtiläinEn KH, platou CG, pouta a, 
riDDErstralE m, samani nJ, saramiEs J, sinisalo J, 
smit JH, straWBriDGE rJ, strinGHam Hm, sWift aJ, 
tEDEr-lavinG m, tHomson B, usala G, van mEurs JB, 
van ommEn GJ, vatin v, volpato CB, WallasCHofsKi 
H, WaltErs GB, WiDEn E, WilD sH, WillEmsEn G, 
WittE Dr, zGaGa l, zittinG p, BEilBY Jp, JamEs al, 
KäHönEn m, lEHtimäKi t, niEminEn ms, oHlsson 
C, palmEr lJ, raitaKari o, riDKEr pm, stumvoll m, 
tönJEs a, viiKari J, BalKau B, BEn-sHlomo Y, BErGman 
rn, BoEinG H, smitH GD, EBraHim s, froGuEl p, Han-
sEn t, HEnGstEnBErG C, HvEEm K, isomaa B, JørGEnsEn 
t, KarpE f, KHaW Kt, laaKso m, laWlor Da, marrE m, 
mEitinGEr t, mEtspalu a, miDtHJEll K, pEDErsEn o, sa-
lomaa v, sCHWarz pE, tuomi t, tuomilEHto J, vallE tt, 
WarEHam nJ, arnolD am, BECKmann Js, BErGmann s, 
BoErWinKlE E, Boomsma Di, CaulfiElD mJ, Collins fs, 
EiriKsDottir G, GuDnason v, GYllEnstEn u, HamstEn a, 
HattErslEY at, Hofman a, Hu fB, illiG t, iriBarrEn C, 
JarvElin mr, Kao WH, Kaprio J, launEr lJ, munroE 
pB, oostra B, pEnninx BW, pramstallEr pp, psatY Bm, 
quErtErmous t, rissanEn a, ruDan i, sHulDinEr ar, 
soranzo n, spECtor tD, sYvanEn aC, uDa m, uittErlin-
DEn a, völzKE H, vollEnWEiDEr p, Wilson Jf, WittEman 
JC, WriGHt af, aBECasis Gr, BoEHnKE m, BorECKi iB, 
DElouKas p, fraYlinG tm, Groop lC, Haritunians t, 
HuntEr DJ, Kaplan rC, nortH KE, o’ConnEll Jr, 
pEltonEn l, sCHlEssinGEr D, straCHan Dp, HirsCHHorn 
Jn, assimEs tl, WiCHmann HE, tHorstEinsDottir u, van 
DuiJn Cm, stEfansson K, CupplEs la, loos rJ, Barroso 
i, mCCartHY mi, fox Cs, moHlKE Kl, linDGrEn Cm. 
0HWD�DQDO\VLV� LGHQWLÀHV� ��� QHZ� ORFL� DVVRFLDWHG�
ZLWK�ZDLVW�KLS�UDWLR�DQG�UHYHDOV�VH[XDO�GLPRUSKLVP�
LQ� WKH�JHQHWLF�EDVLV�RI� IDW�GLVWULEXWLRQ��1DW�*HQHW�
������������������

 69) CHu aY, DEnG x, fisHEr va, DronG a, zHanG Y, fEito-
sa mf.�0XOWLHWKQLF�JHQRPH�ZLGH�PHWD�DQDO\VLV�RI�
HFWRSLF� IDW�GHSRWV� LGHQWLÀHV� ORFL�DVVRFLDWHG�ZLWK�
DGLSRF\WH� GHYHORSPHQW� DQG� GLIIHUHQWLDWLRQ�� 1DW�
*HQHW�������������������
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OLSHGHPD��2EHVLW\� �6LOYHU�6SULQJ����������������
����

 85) WiiG H, luft fC, titzE Jm. 7KH� LQWHUVWLWLXP� FRQ-
GXFWV� H[WUDUHQDO� VWRUDJH� RI� VRGLXP� DQG� UHS-
UHVHQWV�D� WKLUG� FRPSDUWPHQW�HVVHQWLDO� IRU�H[WUD-
FHOOXODU�YROXPH�DQG�EORRG�SUHVVXUH�KRPHRVWDVLV��
$FWD�3K\VLRO��2[I������������

 86) miCHElini s, fiorEntino a, CEstari m, fantEGrossi mr, 
CarDonE m.� /LSHGHPD� DQG� PHWDEROLF� GLVHDVH��
2HGHHP�2QFRORJLH����������������

 87) saCKEY E, ostErGaarD p. *HQHWLF� UHVHDUFK� RQ� OL-
SHGHPD�DW�6W�*HRUJH·V�8QLYHUVLW\�RI�/RQGRQ��8.��
2HGHHP�2QFRORJLH���������������

 81) sHao m, HEplEr C, visHvanatH l, maCpHErson Ka, 
BusBuso nC, Gupta rK.�)HWDO�GHYHORSPHQW�RI�VXE-
FXWDQHRXV�ZKLWH�DGLSRVH�WLVVXH�LV�GHSHQGHQW�RQ�
=IS�����0RO�0HWDE������������������

 82) amann-vEsti Br, franzECK uK, BollinGEr a.�0LFUR-
O\PSKDWLF� DQHXU\VPV� LQ� SDWLHQWV� ZLWK� OLSHGHPD��
/\PSKRORJ\�������������������

 83) toDD m. /LSRHGHPD�� SUHVHQWDWLRQ� DQG�PDQDJH-
PHQW��%U�-�&RPPXQLW\�1XUV�����������6���6���

 84) CrEsCEnzi r, marton a, DonaHuE pmC, maHanY HB, 
lants sK, WanG p, BECKman Ja, DonaHuE mJ, titzE 
J. 7LVVXH�VRGLXP�FRQWHQW� LV�HOHYDWHG� LQ� WKH�VNLQ�
DQG�VXEFXWDQHRXV�DGLSRVH�WLVVXH�LQ�ZRPHQ�ZLWK�


