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Abstract

ABSTRACT

Jussi O.T. Sipild
Huntington’s disease in Finland. Epidemiologic, genetic and clinical studies.

University of Turku Doctoral Programme of Clinical Investigation
Annales Universitatis Turkuensis, 2017

Huntington’s disease (HD) is a lethal, dominantly inherited neurodegenerative disor-
der reported to be unusually rare in Finland. The overall HD prevalence and the pro-
portion of late-onset cases (LOHD) are increasing in many populations. The charac-
teristics of LOHD are nevertheless poorly understood. Information on neurological
comorbidity in patients with HD is also scarce. These retrospective studies analyzed
a national Finnish HD cohort in the time frame 1987-2010 by searching national reg-
istries and archives. Data was extracted from medical records. Population genotypes
were obtained from the 1000 Genomes project.

The prevalence of HD in Finland was found to be 2.12/100,000, or over four times
more common than reported previously. Nonetheless, HD is more uncommon than in
other Western European countries. The national cohort of 207 patients included 52
(25%) patients with LOHD; they had poorer motor status at the time of diagnosis than
patients with mid-age onset, possibly because of the diagnostic delay. No other dif-
ferences were detected between these groups. Interestingly, only one individual
(0.5% of all HD patients in Finland) with juvenile-onset HD was identified.

The length of the affected CAG repeat or its intergenerational stability did not differ
from those reported in other populations. However, the high risk chromosome 4 hap-
logroup A was relatively uncommon in the Finnish general population (39.2%), pos-
sibly partly explaining the relative rarity of HD in Finland.

Patients with adult-onset HD had epilepsy and strokes as often as reported in the gen-
eral population. HD patients were, however, at an increased risk of suffering subdural
haematomas.

Keywords: Age of onset, Comorbidity, Epilepsy, Disease progression, Hereditary
neurodegenerative diseases, Molecular epidemiology, Stroke, Subdural Haematomas
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TIIVISTELMA

Jussi O.T. Sipild

Huntingtonin tauti Suomessa. Epidemiologisia, perinnéllisyystieteellisiii ja klii-
nisif tutkimuksia.

Turun yliopisto, Léadketieteellinen tiedekunta, Neurologian oppiaine
Turun yliopiston kliininen tohtoriohjelma
Annales Universitatis Turkuensis, 2017

Huntingtonin tauti (HD) on autosomaalisesti vallitsevasti periytyvé, kuolemaan joh-
tava hermoston rappeumasairaus. Taudin on todettu olevan poikkeuksellisen harvi-
nainen Suomessa. Monissa viestoissd HD:n esiintyvyyden sekd myohaisidlla alkavan
HD:n (LOHD) osuuden on havaittu lisdédntyneen. LOHD:n ominaispiirteet tunnetaan
kuitenkin huonosti. My6s HD-potilaiden neurologisesta oheissairastavuudesta on
kaytettdvissd vain hyvin véhin tietoja. Néissd takautuvissa tutkimuksissa analysoitiin
kansallinen suomalainen HD-potilaiden kohortti vuosilta 1987-2010. Potilaat tunnis-
tettiin kansallisista rekistereisté seka tietyisté arkistoista. Tutkimustiedot keréttiin sai-
rauskertomuksista. Vieston genotyyppitiedot saatiin 1000 Genomes —projektista.

Huntingtonin taudin vallitsevuuden (2,12/100°000) havaittiin olevan Suomessa yli
nelinkertainen aiempaan tutkimustietoon ndhden. Silti HD on selvésti harvinaisempi
Suomessa kuin muissa lantisen Euroopan maissa. Kansallisesta 207 HD-potilaan ko-
hortista 52 (25%) oli LOHD-potilaita ja heiddn motoriset oireensa ja 10ydoksensé
olivat diagnoosinteon hetkelld vaikeampia kuin aiemmalla aikuisiélla sairastuneiden,
mika mahdollisesti johtui diagnoosien viivastymisestd LOHD-potilailla. Muuten néi-
den ryhmien vélilld ei havaittu eroja. Ylldttden 16ysimme vain yhden (0,5%) potilaan,
jolla HD alkoi nuoruusiilla.

Tautialleelin CAG-toistojakson pituus tai sen sukupolvien vélinen vakaus eivit eron-
neet muissa viestdissa raportoiduista. Kromosomin 4 korkean riskin haploryhmé A:n
havaittiin kuitenkin olevan suomalaisessa viestssé verrattain harvinainen (39,2%),
mika saattaa osittain selittid HD:n suhteellista harvinaisuutta Suomessa.

Aikuisidlld HD-diagnoosin saaneilla potilailla oli epilepsiaa ja aivoverenkiertohiiri-
0itd samassa méérin kuin valtavéestolla. Kovakalvon alaisten verenvuotojen riski ha-
vaittiin HD-potilailla suurentuneeksi.

Avainsanat: Aivoverenkiertohiirio, Alkamisika, Epilepsia, Kovakalvon alainen ve-
renvuoto, Liitdnndissairaudet, Molekyyliepidemiologia, Perinnélliset hermoston rap-
peumasairaudet, Taudinkulku.
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1 INTRODUCTION

In the last section of his essay On Chorea (Huntington 1872), given before Meigs and
Mason Academy of Medicine at Middleport, Ohio, on 15th February 1872, George
Huntington succinctly described a particular form of chorea. In eloquent terms, he
drew attention to the main features of the disease, namely its dominant heredity, the
propensity to manifest in adult age and the tendency to insanity and suicide. The dis-
ease was noted to progress relentlessly and in many cases, medical advice was seldom
sought because treatment was to no avail. Huntington also described the stigma and
horror “that disorder” caused and the taboo nature this conferred on the disease. Alt-
hough Charles Oscar Waters, Charles Gorman, Johan Christian Lund and [.W. Lyon
had previously published reports of the same disorder, even such an expert on chorea
as William Osler was impressed by the clarity, precision and vividness of Hunting-
ton’s report. (Wexler 2013) The disorder came to bear the name Huntington’s chorea.
Lately, in order to highlight the importance of other symptoms in addition to the mo-
tor affliction, Huntington’s disease has been considered to be more befitting.

Now, nearly 150 years later, the principles of how HD is inherited and its clinical
picture still hold true and a cure or even a means to decelerate disease progression
has remained elusive. Some advances have surely been made, but many of these gains
are incomplete. After the identification of the causative mutation as a trinucleotide
repeat expansion of H7T gene in 1993 (The Huntington’s Disease Collaborative Re-
search Group 1993), genetic testing has become available, making it possible to break
the thread of heredity with the use of preimplantation and prenatal testing (Simpson
etal. 2002; Roos 2010) and thus end uncertainty about the gene carrier status of adults
(Guidelines for the molecular genetics predictive test in Huntington's disease 1994;
MacLeod et al. 2013). The utilization rate of these tests, however, is usually low.
(Creighton et al. 2003; Tassicker et al. 2008; Morrison et al. 2011; Wedderburn et al.
2013; Schulman & Stern 2015) Many pharmacological interventions provide some
relief from the disease’s symptoms but clinically relevant side-effects are, however,
possible and there are very few options especially for treating the cognitive affliction.
(Phillips et al. 2008; Videnovic 2013) Despite attempts to dispel the stigma surround-
ing Huntington’s disease, it has not disappeared. (Erwin et al. 2010; Williams et al.
2008; Bombard et al. 2009; Bombard et al. 2011) Moreover, even though the level of
political and social abuse of genetics seen in previous decades (Harper 1992) no
longer seems possible, new challenges related to discrimination in employment and
insurance policy have emerged (Oster et al. 2008; Novak & Tabrizi 2010; Bombard
etal. 2011).

Our understanding of the primary cause and the mechanisms of the disease remains
incomplete. While much knowledge has been discovered about Huntington’s disease
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and other genetic disorders, a shroud of mystery still obscures the core of the patho-
genesis and the origin of the genetic mutation. Furthermore, it has become appreci-
ated that pathological sequelae of the H7T mutation can also be found outside the
nervous system. These changes may also contribute to symptoms or even modify the
course of the disease. (van den Burg et al. 2009; Keum et al. 2016) On the other hand,
the basic demographics of the disease have been challenged recently with estimates
of disease prevalence up to double the number previously believed. (Evans et al.
2013, Fisher & Hayden 2013). Indeed, much work remains to be done, even in the
field of basic epidemiology of HD. (Sipild & Péivirinta 2016) With ever larger inter-
national collaborations being forged, the study of Huntington’s disease is now a dy-
namic field on the move. (Reilmann et al. 2014a)

The information available about Huntington’s disease in Finland was published a
quarter of a century ago before the mutation responsible for the disease was identi-
fied. (Palo et al. 1987, Ikonen et al. 1990, Ikonen et al. 1992a) Following the intro-
duction of genetic testing, clinical experience has suggested that HD is more common
in Finland than the previously reported value of 0.5/100,000 (Palo et al. 1987). In this
study, we used national healthcare and population registries, the archives of Family
Federation of Finland, the files of the two genetic laboratories in Finland carrying out
HD diagnostics and patient charts in order to ascertain the national HD cohort and to
make an up-to-date evaluation of the epidemiology, genetics and clinical picture of
the disease in Finland.
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2  REVIEW OF LITERATURE

2.1 Epidemiology of Huntington’s disease

2.1.1 Global epidemiology of Huntington’s disease

There are substantial differences in the prevalence of HD in different parts of the
world (figure 1). While the disease has been found in virtually all ethnic groups
around the world, its incidence and prevalence are clearly highest in populations of
European origin. Prevalence estimates vary from 0.08-0.65/100,000 reported for
East Asian populations to 1.35-12.1/100,000 in the mainly European-derived pop-
ulations. (Pringsheim et al. 2012) The average prevalence in populations of Euro-
pean origin is 5.7/100,000 (Pringsheim et al. 2012) whereas in Asian populations it
is ten times less prevalent — 0.52/100,000 (Baig et al. 2016). Two studies describing
considerably higher prevalences in Egypt (21/100,000) and Australia (30/100,000)
were performed in small populations without specifying the diagnostic criteria.
(Pringsheim et al. 2012) Some regions with considerably higher prevalences due to
a founder effect have been identified in Tasmania, Australia, with a prevalence of
12.1/100,000 (Pridmore 1990) and Lake Maracaibo, Venezuela, where the preva-
lence is 699/100,000 (Al-Jader et al. 2001). There are few prevalence studies origi-
nating from South America and Africa because of practical difficulties in conduct-
ing comprehensive epidemiological investigations in these parts of the world. To
compensate for this drawback, HTT cytosine-adenine-guanosine (CAG) repeat
lengths in normal populations have been studied in order to approximate the preva-
lence of HD in these regions. By using this method, prevalence figures similar to or
slightly smaller than those of Western Europe have been proposed, but studies on
the subject have not been of such quality that would permit firm conclusions to be
drawn (Alonso et al. 2009; Gatto et al. 2012). Indeed, a recent systematic review
found no population-based studies from Latin America and most of the reported
patients have had a chromosomal haplotype suggestive of European descent except
for values from Peru. (de Castilhos et al. 2016)
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Figure 1 Prevalence estimates of Huntington’s disease worldwide. Modified from Warby et al.
2011 according to Panas et al. 2011; Pringsheim et al. 2012; Sveinsson O et al. 2012; Kim et al. 2015;
Squitieri et al. 2016. Reprinted by permission from Macmillan Publishers Ltd.

Prevalence figures reported after the introduction of genetic testing in 1993 have been
higher than those based only on strict clinical criteria. (Baig et al. 2016) Furthermore,
recent papers reporting HD prevalence in populations that have already previously
been studied using molecular diagnostics have described still considerably higher es-
timates: studies in Northern Ireland, Canada and Italy have revealed prevalence esti-
mates of 10.6-17.2/100,000 (Morrison et al. 2011; Fisher & Hayden 2014; Squitieri
et al. 2016) and 12.3/100,000 for the population of at least 21 years of age in the UK
(Evans et al. 2013). These figures are approximately two-fold higher than those re-
ported for these populations previously (Al-Jader et al. 2001; Pringsheim et al. 2012).
However, it should be noted that a recent study of HD prevalence in 2004-2008 re-
ported a prevalence of 6.0-6.5/100,000 in the UK (Sackley et al. 2011) and a Cana-
dian study which reported a prevalence of 17.2/100,000 for the Canadian population
of Caucasian origin found genetically verified prevalence rates of 10.4/100,000 for
the general population and 13.2/100,000 for the Canadian population of European
ancestry (Fisher & Hayden 2014). Nevertheless, prevalence of HD has increased in
Western Europe including the UK, Australia and North America, although it should
be noted that there are no published prevalence data from the United States after the
introduction of genetic testing for HD in 1993. (Rawlins et al. 2016; Baig et al. 2016)

The incidence of HD ranges from the 0-0.10/100,000/year reported in East Asian
populations to the 0.11-0.80/100,000/year in populations of European descent. With
the exception of Iceland, the lowest figures for populations of European descent have
been published before the advent of molecular diagnosis of HD.
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Studies on recent trends of HD incidence have provided conflicting results. (Almqvist
et al. 2001; Pringsheim et al. 2012; Wexler et al. 2016) It has been postulated that the
observed increase in HD prevalence is due to prolonged life expectancy and improved
care and therefore the prevalence will continue to rise. (Morrison 2010; Evans et al.
2013; Squitieri et al. 2016) Research is underway to investigate this possibility. It is
also important to note that increasingly people over 60 years of age, often without a
family history of HD, are being diagnosed and they may comprise up to a fifth of new
cases. (Almgqvist et al. 2001; Ramos-Arroyo et al. 2005) In recent studies, the highest
age-specific prevalences have been found in the age ranges of 55-59 years (Fisher &
Evans 2014), 51-65 years (Evans et al. 2013) and even 65-69 years (Squitieri et al.
2016).

In northern Europe, published prevalence rates for Sweden and Norway have been
similar to those in other populations of European origin. (Al-Jader et al. 2001; Prings-
heim et al. 2012) Iceland has been reported to have a rather low HD prevalence of
1.0/100,000; their expansion derives from a single founder mutation in all Icelandic
patients with the exception of one sporadic case. No juvenile cases have been found.
(Sveinsson O et al. 2012) The prevalence in Russia has also been reported to be low
at 0.6-1.9/100,000 (Kirilenko et al. 2004). No prevalence data has been published for
Denmark. Considering the genetic outliers of Europe to which Icelanders and Finns
belong (Cavalli-Sforza & Piazza 1993), HD prevalence data exists for Greeks with
an ascertained minimum prevalence of 2.5/100,000 and an extrapolated prevalence
estimate of 5.4/100,000 based on information of relatives who have not been tested.
Clusters of HD families were found in different parts of the country which was not
surprising, considering the relative genetic isolation of the Greek population and the
characteristics of the cluster areas. (Panas et al. 2011) However, HD incidence in
another area of a genetic outlier population, the Basque country, does not differ from
that in other parts of Western Europe. (Ramos-Arroyo et al. 2005)

Juvenile Huntington’s disease (JHD), defined as the age of onset below 20 years,
comprises 5.32% of HD cases with a somewhat higher proportion (9.95%) in coun-
tries defined as higher middle income compared to countries defined as high income
(4.81%). (Quarrell et al. 2012) The highest proportion of JHD has been reported for
Argentina, although the diagnostic criteria used for the 19.7 % proportion were quite
broad and a more ordinary figure of 5.7 % was reported only when using motor onset
criteria. (Gatto et al. 2016) Recently, a minimum prevalence estimate of JHD has
been reported as 0.7/100,000 for the UK. (Douglas et al. 2013)

2.1.2 Epidemiology of Huntington’s disease in Finland

There is only one publication reporting the findings from an epidemiologic study of
HD in Finland. In 1987, Palo et al. systematically searched all university and central
hospitals in Finland as well as central mental hospitals and found 23 HD families with
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an estimated 26 living patients. The figure was checked by obtaining the number of
people receiving pensions because of HD and was believed to be reliable. Thus, the
prevalence was estimated to be 0.5/100,000 with an annual incidence of 0.02-
0.04/100,000. The result was deemed to be strikingly different from neighboring
Sweden where a prevalence of 5.6/100,000 had been reported already at that time.
The Aland archipelago, positioned between Sweden and Finland, was reported to
have 3 HD families with as many living patients leading to a prevalence of
1.5/100,000. In the beginning of the new millennium, an epidemiologic survey in
Northern Finland identified 16 diagnosed HD families and calculated a minimum
prevalence of 2/100,000 but these results were not published internationally (Saarinen
2004).

The rarity of HD in Finland was not considered exceptional since the country’s dis-
ease heritage was known to display certain distinct features, derived from its popula-
tion history. There are data to suggest that the Finns are a unique population among
Europeans. (Lek et al. 2016) The so-called Finnish Disease Heritage (FDH) is a con-
cept introduced in 1973 (Norio et al. 1973) and refers to the overrepresentation of
certain rare diseases in the Finnish population. This overrepresentation is a conse-
quence of founder effects, bottlenecks and random genetic drift in a small and isolated
population. (Norio 2003a-b; Liu and Fu 2015) Finns have been identified as one of
the genetic outlier populations of Europe along with Lapps, Sardinians, Greeks, Yu-
goslavs, Basques and Icelanders, but still being genetically the closest of these outli-
ers to other European populations (Cavalli-Sforza & Piazza 1993). A recent study
concluded that Finns should be placed further apart from other European populations,
including Greeks and Yugoslavs (Lao et al. 2008). FDH encompasses 36 diseases of
which 32 are autosomal recessive, two are autosomal dominant and two are X-linked.
(Polvi et al. 2013) FDH diseases are mostly concentrated in the northern and eastern
parts of the country as a result of 16" century migration events within the country and
this division corresponds with the east/west division of the autosomal substructure
observed in Finland (Salmela et al. 2008). While the maternally inherited mitochon-
drial deoxyribonucleic acid (DNA) is quite uniform throughout the country, the
south-western and northernmost parts have been found to have received a male-bi-
ased Scandinavian gene-flow, particularly from Sweden; this is absent from eastern
Finland suggesting that long-term genetic drift may have been more important in the
formation of FDH than recent founder effects. (Lappalainen et al. 2008; Palo et al.
2009)

As a mirror-image result of the same evolutionary conditions that led to the enrich-
ment of FDH diseases in Finland, certain diseases are known to be considerably more
infrequent than elsewhere or altogether absent. Such diseases include cystic fibrosis,
phenylketonuria and maple syrup disease (Peltonen et al. 1999) Interestingly, Frie-
dreich’s ataxia (FRDA) (although recessively inherited, it is similar to HD in being a
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trinucleotide repeat disorder) is one of these diseases that are less frequent in Finland
than elsewhere and the alleles in the uppermost end of the normal variation are com-
pletely missing in the Finnish general population. (Juvonen et al. 2002) Moreover,
the type of spinocerebellar ataxia (SCA) thought to be most common, SCA3 which
is caused by a CAG repeat expansion, is absent from Finland (Juvonen et al. 2005).
Repeat expansion diseases are not, however, completely absent from Finland, as Un-
verricht-Lundborg disease (EPM1) resulting from a dodecamer repeat expansion, is
included in the FDH. Furthermore, the Finnish frontotemporal lobar degeneration
(FTLD) patients display the highest frequency of C9orf72 hexanucleotide expansion
of any patients in Europe (van der Zee et al. 2012), in fact the expansion has even
been proposed to have originated from Finland (Pliner et al. 2014).

2.2 Mechanisms of neurodegenerative repeat expansion disorders

2.2.1 Neurodegenerative repeat expansion disorders

By the middle of the 19" century, a hereditary form of chorea was beginning to be
recognized and in the beginning of the 20" century it was established as a disorder
following classic rules of dominant inheritance (figure 2) that had been stipulated by
the Augustinian monk Gregor Mendel in 1865. (Davenport & Muncey 1916; Wexler
2013) The exact mechanism of inheritance, however, remained unknown.

‘ ‘Mnc () remale () Gendernctinown

Il v [ vt [7] ocomes

Figure 2 Pedigree of a family with an autosomally dominantly inherited disease.
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DNA was first isolated by Friedrich Miescher in 1868. The function of the compound,
however, remained unclear for decades although Miescher himself first speculated on
its role in the transmission of hereditary information. (Dahm 2008) After Watson and
Crick correctly hypothesized the structure of DNA in 1953 (Watson & Crick 1953),
the study of DNA and the genome gained momentum and at the beginning of the third
millennium, virtually the whole human genome had been sequenced (Lander et al.
2001). Nonetheless, the mechanisms by which the genome controls the functioning
of cells and organisms and interacts with the environment are still incompletely un-
derstood.

In 1993, anew gene, /715 (later renamed H77), was isolated and the causative genetic
defect of Huntington’s disease was identified as a polymorphic trinucleotide repeat
that was both expanded and unstable. (The Huntington’s Disease Collaborative Re-
search Group 1993) The CAG repeats of /715 were substantially longer in HD pa-
tients than in the general population. This placed HD in a group of genetic diseases
called repeat expansion disorders of which trinucleotide repeat (TNR) expansions are
one subcategory. The first nucleotide repeat disorders had been identified in 1991
when the causative mutations of fragile X syndrome (FRX) and spinal and bulbar
muscular atrophy (SBMA) were discovered. (Verkerk et al. 1991; LaSpada et al.
1991) Over the two decades that followed, several diseases were added to the list of
repeat expansion disorders which now contains over 20 diseases (table 1).

Repeats of 3-12 nucleotides have been found to acquire pathogenicity when expanded
over their normal range (although the range is distinct for every gene). The usual
upper limits of the normal ranges in genes of the coding region are between 30-50
repeats and pathogenic mutations are typically 2-3 times the length of normal repeats.
Intergenerational changes are typically modest, in the order of up to 10 repeats per
generation. In non-coding regions, the upper limits of normal are of the same magni-
tude but the unstable ‘premutation’ range is wider, with disease-causing ‘full muta-
tions’ often being a minimum of 100-200 repeats and these may increase by several
thousand repeats per generation. ‘Premutation’ ranges can be found in most repeat
expansion disorders and while the persons carrying alleles in this range are usually
non-symptomatic, less severe phenotypes may sometimes occur, for instance the
Fragile X—associated tremor/ataxia syndrome (FXTAS) has been linked with the
‘premutations’ of FMR1. The vast majority of repeat expansion disorders are caused
by TNR expansions; of these the most numerous are the CAG repeat expansions lead-
ing to polyglutamine (polyQ) diseases, disorders that include HD. Most repeat ex-
pansion disorders are autosomally dominantly inherited, but autosomal recessive and
X-linked inheritance patterns have also been identified. (Chiuratti & Oostra 2006,
McMurray 2010)
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The clinical spectrum of repeat expansion disorders is wide but typically they tend to
involve the nervous system. FRX is the most common cause of inherited mental retar-
dation and most other repeat expansion disorders also cause cognitive impairment and
psychiatric symptoms. Polyneuropathy and cranial nerve impairment affecting speech,
swallowing and eye movements are common features. Movement disorders are typi-
cally characterized by ataxia, tremor, parkinsonism, spasticity and chorea. Some disor-
ders are associated with macroanatomical developmental abnormalities, such as facial
dysmorphism. Metabolic and endocrine disturbances and damage to heart muscle may
also be found. In certain repeat expansion disorders, one can encounter myotonia, epi-
lepsy and ophthalmological features. (Chiuratti & Oostra 2006; Gatchel & Zoghbi
2005; La Spada and Taylor 2010) Some diseases with a distinct genetic background
may present with clinically virtually indistinguishable phenotypes such as HD and
Huntington-like disease 2 (HDL2) or Dystrophia myotonica 1 (DM1) and Dystrophia
myotonica 2 (DM?2) (Gatchel & Zoghbi 2005). On the other hand, the C9Orf72 repeat
(G4C») expansion has been found to manifest most often as amyotrophic lateral sclero-
sis with or without frontotemporal dementia or alternatively as a disorder resembling
Huntington’s disease. In addition, C901f72 expansion has also been reported in healthy
individuals and patients with primary lateral sclerosis, parkinsonism, corticobasal de-
generation, dementia with Lewy bodies, progressive muscular dystrophy, multiple
sclerosis and Alzheimer’s disease. The mechanisms accounting for this variance in dis-
ease presentation are yet to be elucidated. (Cooper-Knock et al. 2014; Beck et al. 2014)

2.2.2 Genetic mechanisms of repeat expansion

Approximately one half of the human genome consists of nucleotide repeats of vary-
ing lengths. These can be found both in the coding and non-coding regions. (Lander
et al. 2001) Microsatellites are short tandem repeats (STR) of 1-6 nucleotides ac-
counting for approximately 3% of the genome (Kozlowski et al. 2010) and minisatel-
lites are slightly longer repeats (up to hundreds). Mutations in microsatellite regions
are now widely used to identify persons and relations, for instance in paternity cases
and forensic investigations. The biological basis for this is the standard mutation rate
which can be found in all species reflecting the rate at which changes occur in the
genome in normal circumstances allowing genetic adaptability. The standard muta-
tion rate in humans is high compared to other species and, as in most mammals, the
rate is higher in human males than in females. (Drake et al. 1998) Interestingly, STRs
with over 10 repeats are uncommon in rodents, possibly indicating a higher threshold
for instability. (Huang et al. 2004) Correspondingly, amino acid alterations have been
more often damaging in human compared to mouse evolution (Hughes & Friedman
2009) indicating less active negative natural selection in human evolution. Moreover,
STR sequences are conserved and polymorphic in apes compared to the correspond-
ing repeats in humans whose alleles are slightly larger and have greater variance.
(Andrés et al. 2004)
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Disruption and repair of DNA. A significant amount of research has been directed at
discovering the genetic mechanisms that lead to repeat expansions. The constant rate
of mutations under normal circumstances demands that there is machinery to repair
DNA and eradicate deleterious mutations but these systems do not function perfectly
and 25-50% of DNA differences in human populations have been found to be slightly
deleterious to a protein’s function. Errors in DNA repair seem to be crucial for the
formation of repeat expansions. Expansions and contractions of a few nucleotides are
known to occur as a consequence of DNA polymerase strand slippage during replica-
tion process, but the size of these errors is restricted to a few bases by the thermody-
namics of base-pairing. This may partly explain the expansions from normal length to
‘premutation’ lengths, where these repeats are more unstable. Many expandable repeats
have been found to harbor interruptions that stabilize them and make them less prone
to expand. These interruptions may be lost if a slipped-strand intermediate is formed
during DNA replication and the hairpin and the mismatches in the duplex part of such
an intermediate are not co-excised properly by the DNA mismatch repair (MMR) sys-
tem. This leads to the formation of a non-interrupted expansion sequence at the end of
the repeat after another round of replication.

At least three hypotheses have been presented to explain the exact process leading to ex-
pansion with slipped-stranded replication intermediates. These are related to the im-
portance of the orientation of the replication fork relative to the replication origin and its
exact position in the lagging-strand template. The most recent evidence supports the ori-
switch model, which supposes that origin of replication (ORI) on one side of a repeat has
been inactivated and another, unknown, origin on the other side has been activated thus
placing the structure-prone strand of the repetitive run as the lagging-strand template. This
indicates a cis-acting process in the vicinity of the repeat to be responsible for triggering
the initial expansion. Furthermore, DNA segments surrounding unstable repeats also
show a predilection to mutations which also supports the idea of a cis-acting element
which predisposes to mutations. (Mirkin 2007; McMurray 2010; Abecasis et al. 2012;
Gerhardt et al. 2014a; Mirkin & Mirkin 2014; Gerhardt et al 2014b; Shah & Mirkin 2015)

The disease-associated repeat’s proneness to form unusual secondary structures is an
important factor in the susceptibility to repeat expansion. Both intrastrand and intra-
molecular aberrant structures have been found and many of these contain single-
stranded regions, mismatched bases or unusual hydrogen bonding. These structures can
form at virtually any time that DNA is unpaired, for instance during replication, repair
and transcription. In non-dividing cells, transcription has been found to be important
for repeat instability. Inaccuracies in the functioning of DNA repair systems such as
base excision repair (BER) and nucleotide excision repair (NER) have been implicated
but the most important dysfunction seems to be that of MMR upon which all studied
expansions share a common dependence. MMR dysfunction has been implicated both
in stabilizing the unusual DNA structures as well as in the formation of the final ex-
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pansion. Dysfunctional MMR results also in generalized microsatellite instability
(MSI), seen in many forms of cancer and involving the gain or loss of a few repeat
units. (Zhao & Usdin 2015) Interestingly, patients with polyQ diseases and those with
HD in particular have a comparatively low incidence of cancer. (Serensen & Fenger
1992; Serensen et al. 1999; Ji et al. 2012; Turner et al. 2013) Therefore, MMR function
probably still only has a secondary role in the origins of neurodegenerative repeat ex-
pansion disorders compared to cis-acting factors in the chromosomes themselves, alt-
hough cancer incidence in patients with SBMA has also been reported to be similar to
general population (Turner et al. 2013). However, Parkinson’s disease (Bajaj et al.
2010) and Alzheimer’s disease (Roe et al. 2010), more common and etiologically het-
erogenous neurodegenerative disorders compared to HD, have also been associated
with a decreased incidence of cancer. This raises the question - is there a relationship
between cancer and the process of neurodegeneration per se? (Pouladi & Hayden
2012). Furthermore, environmental stress has recently been shown to lead to TNR mu-
tagenesis independently of DNA repair or transcription, probably through DNA rerep-
lication. (Chatterjee et al. 2015) Several epigenetic factors have been associated with
repeat instability as well. (Dion & Wilson 2009) Interestingly, a recent study has pro-
posed that crosstalk between BER and MMR is needed for TNR expansion (figure 3)
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Figure 3 Model for a ‘toxic oxidation’ cycle by MMR-BER crosstalk. MSH2-MSH3 promotes
TNR expansion via suppression of repeat deletion during BER. Oxidative stress induces an oxidized
DNA base in a TNR tract such as 8-0x0G. OGG1 removes the 8-0x0G and leaves an abasic site that
is subsequently 5'-incised by APE1. The pol B-MSH2-MSH3 complex loads onto DNA at the APE1
incision site, and promotes DNA synthesis and flap formation. MSH2-MSH3 inhibits FEN1 removal
of the flap. However, MSH2-MSH3 interaction with the loop reorients MSH2-MSH3 and allows
flap re-alignment on the damaged strand to generate a new and shorter flap suitable for FEN1 cleav-
age and ligation. Incorporation of the loop by an endonuclease results in the expansion. In the absence
of MSH2-MSH3 (-MSH2-MSH3), pol B opens the template to generate single-strand DNA loop
structure, and deletion of the template strand occurs after endonuclease excision. Thus MSH2-MSH3
suppresses deletion and promotes expansion. (From: Lai et al. 2016)
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Trinucleotide repeat expansions. Although expansions of four, five or even twelve
nucleotide-repeats can result in disease, most disorders are caused by trinucleotide
repeat expansions. TNR regions have a high purine content and are susceptible to
oxidative stress and damage. They are therefore in need of frequent DNA repair and
are particularly prone to expansion when these systems malfunction. (Schuster 2009)
However, only three types of repeat sequences have been found to expand, namely
CAG, CGG and GAA. This apparently stems from their increased tendency to form
secondary structures (figure 4) compared to other repeat sequences. (Mirkin & Smir-
nova 2002) Under ordinary conditions, the stability of the hairpins caused by TNR
sequences decreases in the order CGG > CTG > CAG = CCG (Mirkin 2007) and the
observed maximum length of the repeat expansions also shortens in a similar manner
(Chiurazzi & Oostra 2005). The stability of the expandable repeats depends markedly
on their orientation relative to the ORI, methylation status and chromatin environ-
ment. The exact location of damage is important as lesions near the 5’-end leads to
expansion and a lesion in the middle leads to deletion. (Mirkin 2007; Dion & Wilson
2009; Lai et al. 2013) These mechanisms lead to repeat instability also in cells that
are terminally differentiated and do not undergo mitosis, such as neurons. This results
in somatic mosaicism that explains why DNA repair pathways have recently been
implicated as the common genetic mechanisms that modulate age of onset of many
poly-Q diseases (Bettencourt et al. 2016). Furthermore, replication-independent ex-
pansion instability may also be found in intergenerational transmission.

A considerable proportion of repeat instability in gametes takes place in quiescent oo-
cytes as a result of defective DNA repair processes. For instance, this happens in FRX
and DM1 which are both caused by the non-coding TNR expansion. In both of these
diseases, the normal and ‘premutation’ alleles are more likely to expand during paternal
than maternal transmission. Nonetheless, large expansions do arise in non-dividing oo-
cytes and full mutation alleles tend to contract upon paternal transmission. In TNR
expansions of the coding area, the largest repeat sizes are seen in non-dividing somatic
cells although smaller instabilities may be detected under both dividing and non-divid-
ing conditions. Spinocerebellar ataxia 1 (SCA1), which features a TNR expansion in
coding area, instability upon maternal transmission also occurs in quiescent oocytes
although expansions and in particular large expansions, take place in paternal inher-
itance. HD, another coding area TNR expansion disease, shows negligible change in
maternal transmission with a slight bias toward contraction whereas paternal transmis-
sion is susceptible to a tendency for repeat expansion with ever greater changes de-
pending on the length of the father’s CAG expansion. The exact phase when the repeats
expand during spermatogenesis has not been well defined, but in DM1 it has been sug-
gested that it occurs during spermatogonia, the premeiotic proliferation phase of sper-
miogenesis. There is indirect evidence to support DNA polymerase stalling and repli-
cation restart as a mechanism of expansion for this phenomenon. In HD mouse models,
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the expansion occurs considerably later in spermatids immediately after chromatin re-
modeling. This is when most nucleosomal DNA supercoils have been eliminated and
frequent DNA double-strand breaks appear, apparently as a part of the normal differ-
entiation program. Chromatin remodeling and the appearance of transient DNA breaks
have also been reported in humans immediately before the transition to the last step of
spermiogenesis. (McMurray 2010; Simard et al. 2014)
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Figure 4 Hairpin-induced trinucleotide repeat instability. The TNR is indicated by gray lines,
flanking DNA by black lines. (a) Nascent-strand hairpin formation results in over-replication of a
segment of the TNR in one chromatid. A second round of replication of the hairpin strand fixes the
expanded allele in the genome. (b) Template-strand hairpin formation results in under-replication of
a segment of the TNR in one chromatid. A second round of replication of the nonhairpin strand fixes
the contracted allele in the genome. Reprinted by permission from Macmillan Publishers Ltd: Nature
Chemical Biology Liu G, Chen X, Bissler JJ, Sinden RR, Leffak M. Replication-dependent instability
at (CTG) x (CAG) repeat hairpins in human cells. Nat Chem Biol. 2010 Sep;6(9):652-9. copyright
2010

As noted, many repeat expansion diseases are inherited in a non-dominant manner.
However, already at the beginning of the 20™ century, a mode of inheritance found
even in most of the dominant disorders in this group but not fitting the classic Men-
delian rules was reported: genetic anticipation. (Fleischer 1918). This is a direct con-
sequence of the instability of the repeats leading to further expansion when they are
transmitted to the next generation. The result is increased penetrance, a more severe
phenotype and/or an earlier age of disease onset compared to the previous generation.
(Chiurazzi & Oostra 2005) In most expansion disorders featuring anticipation, this is
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paternal but in some diseases, such as DM1, maternal anticipation can be encoun-
tered. Anticipation may lead to ethical problems when the transmitting parent does
not show any signs or exhibit any symptoms consistent with the disease because he
or she has a considerably shorter repeat length than the descendant. These problems
are particularly evident in cases where the family history is negative, one possible
cause of which is that the transmitting parent has a ‘premutation’ allele that will never
lead to disease. Diseases caused by GAA expansion (polyalanine, or polyA, diseases)
are a marked exception in the group of TNR expansion diseases, as no anticipation
occurs in any one of these diseases. This follows from the stability of the GAA repeat
expansion in both intergenerational and somatic transmissions. (Mirkin 2007;
Chiurazzi & Oostra 2005)

Traditionally, the pathological mechanisms of disease causing repeat expansions
have been grouped into loss of function and gain of function categories. Loss of
function is usually caused by pathogenic repeat expansions in non-coding se-
quences, whereas PolyQ and PolyA elongations in coding sequences lead to a toxic
gain of protein function. Moreover, also RNA transcribed from noncoding regions
containing elongated repeat tracts may be toxic. HD is an example of diseases
caused primarily by protein toxicity whereas a prime example of the loss of function
mechanism is FRX in which FMR1 is completely silenced transcriptionally because
of the expansion to over 200 repeats of a CGG repeat tract in the untranslated 5°
region of the gene. (La Spada & Taylor 2010) RNA toxicity has been primarily
implicated in many repeat expansion disorders, such as the myotonic dystrophies,
many spinocerebellar ataxias and HDL2. Interestingly, RNA toxicity is the patho-
genic mechanism behind FXTAS, the disease caused by 55-200 CGG repeats in the
FMRI1 gene. (Todd & Paulson 2010) Despite the fact that gain of function of the
expanded PolyQ repeat tract is the main driver of pathogenesis in PolyQ-disorders,
RNA toxicity has also been implicated in many of their pathogenesis, including HD.
(Walsh et al. 2015) Furthermore, microRNAs and epigenetic mechanisms such as
DNA and histone methylation and histone acetylation are involved in practically all
repeat expansion disorders including HD (He & Todd 2011; Dumitrescu & Popescu
2015; Thomas 2015) and post-translational processing of the resulting proteins by
phosphorylation, palmitoylation or sumoylation has an effect on repeat expansion
disease pathogenesis (La Spada & Taylor 2010). In addition, the activation of the
immune system as a secondary phenomenon in both the central nervous system and
periphery has been documented and implicated as a part of the neurodegenerative
process in TNR disorders. (Olejniczak et al. 2014)
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2.3 Genetics and pathology of Huntington’s disease

2.3.1 HTT gene

The HTT gene is phylogenetically very ancient; its homologs have been found in nu-
merous vertebrate and invertebrate species. The more primitive the species studied,
the less conserved is the gene. In the more primitive invertebrates that have been
examined, HTT ribonucleic acid (RNA) is found in all stages of development but
expressed only outside the nervous system. On the other hand, vertebrates have HTT
expression also in the nervous system at all stages of their development and life.
(Bhide et al. 1996; Kauffman et al. 2003; Cattaneo et al. 2005; Candiani et al. 2007)
While the most ancient forms of the gene are devoid of CAG repeat sequences, prim-
itive versions have been found in certain H77 homologs of invertebrates. It appears
that HTT manifests a PolyQ-dependent function in the development of more ad-
vanced neural structures, since the length of the repeat increases as a species develops
a more evolved neural system; in fact, the neural expression of H7T seems to be a
feature acquired by vertebrate species. (Cattaneo et al. 2005; Brusilow 2006; Tartari
et al. 2008) In line with this hypothesis, the vertebrate 5’ end of the gene has been
found to harbor modifications as evidence of lineage-specific evolutionary dynamics,
whereas the 3’ end is highly conserved. (Gissi et al. 2006) Furthermore, in the general
population, the length of the CAG repeat has been found to correlate positively with
the amount of gray matter in the left pallidum. (Miihlau et al. 2012) Preliminary evi-
dence suggests that children with longer than the normal range of CAG repeat lengths
have larger striatal and cerebellar volumes. They also perform better in tests of fine
motor and visuo-spatial skills and executive functions as well as exhibiting behav-
ioural problems less often. (Nopoulos et al. 2014).

The PolyQ expansion in HTT. A decade before the discovery of the HD gene and
the repeat expansion, genetic mapping had placed it in the short arm of human chro-
mosome 4. (Gusella et al. 1983) The CAG repeat sequence which has been found
to be expanded in patients with HD is located 17 codons downstream of the initiator
ATG codon within exon 1 near the 5° end of the gene. (The Huntington’s Disease
Collaborative Research Group 1993) HTT codes for a 348 kiloDalton (kDa) protein
of 3,144 amino acids called huntingtin. It is noteworthy that the CAG repeat tract is
followed by codons CAA and CAG, which both code for glutamine, meaning that
the PolyQ tract of huntingtin is two amino acids longer than would be implied by
the CAG tract. Of all PolyQ disease, HD is the only one in which the PolyQ-strand
is located in the N-terminal end of the expressed protein. Huntingtin participates in
numerous intracellular processes and is expressed in all human tissues with the
highest concentrations being found in the brain and the testes where it is essential
for cellular viability. (Ambrose et al. 1994; Cattaneo et al. 2005; Walker 2007;
Imarisio et al. 2008) The complete inactivation of H7T in knock-out mice results in
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their death during embryogenesis even before the formation of the nervous system.
This appears to be attributable to a failure to form extraembryonal tissues, a function
for which the CAG repeat sequence is not required and for which one functioning
copy of the gene is sufficient. (Cattaneo et al. 2005; Woda et al. 2005) Huntingtin
is essential for neurogenesis which the mutant form disrupts at an early stage lead-
ing to aberrant cellular homeostasis and reduced viability. (Cattaneo et al. 2005;
Biagioli et al. 2015)

The expansion is the molecular basis of HD (Kremer et al. 1994), although some
phenocopies have been recognized (Wild & Tabrizi 2007; Wild et al. 2008; Hens-
man Moss et al. 2014). Most people carry 17-20 CAG repeats in their HTT genes
(table 2). (Imarisio et al. 2008) A repeat sequence of 27-35 units, called the inter-
mediate or ‘premutation’ range, is unstable. It has been proposed that people with
an intermediate allele may display a subtle HD phenotype (Herishanu et al. 2009;
Ha & Jankovic 2011; Ha et al. 2012; Killoran et al. 2013; Cubo et al. 2016) with
some cases even showing a manifest HD (Ha and Jankovic 2011; Garcia-Ruiz et al.
2016). However, considering the relatively high frequency of intermediate alleles
in the general population and the identification of new genetic causes of phenocop-
ies (Hensmann Moss et al. 2014), the hypothesis that there might be some interme-
diate allele pathogenicity has been deemed premature (Oosterloo et al. 2015) and
intermediate alleles are considered by most workers in this field not to cause mani-
fest HD. The instability of the intermediate alleles correlates with the length of the
repeat and increases dramatically at the high end of the spectrum with a new HD-
causing mutation frequency of 2.4% for tracts of 34 repeats but this increases to
21.0% for tracts of 35 repeats. (Semaka et al. 2013b) Intermediate alleles have been
suggested to be more unstable in HD families than in the general population (Gold-
berg et al. 1995), which is probably due to their association with certain chromo-
some 4 haplotypes (Semaka et al. 2013a). The repeat range 36-39 has been accepted
to be pathogenic but with reduced penetrance; there is at least a 30% chance that a
person carrying a reduced penetrance allele will be asymptomatic at the age of 75
years (Quarrell et al. 2007). In contrast, alleles of 40 or more CAG repeats invaria-
bly lead to manifest HD should the person live long enough. Unlike many other
TNR disorders, genetic instability in HD is not frequently associated with a loss of
CAG interruptions. (Goldberg et al. 1995)
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Table 2 Implications of different CAG repeat lengths in HTT. (Rubinsztein et al. 1996; McNeil
et al. 1997; Walker 2007; Imarisio et al. 2008; Sequeiros et al. 2010; Ha & Jankovic 2011; Semaka
et al. 2013a; Kay et al. 2016)

CAG repeat length Significance Population
prevalence

7-26 Normal

27-35 (premutation range,  Will not cause HD, but unstable in meiosis 4-6%

intermediate allele)

36-39 (reduced penetrance  Reduced penetrance, may cause HD 0.1-0.25%

allele)

40- Causes HD should the patient live long enough

Age of disease onset is inversely correlated with the length of the repeat expansion
and explains approximately two thirds of its variance although the correlation is
weak with repeats under 50 units in length. However, with repeats of larger than 60
units, the addition of each new repeat has a smaller influence on the age of onset
compared to those under 60 repeats. Clinically, the CAG length is of only limited
use in predicting the age of onset in an individual patient and is more suitable for
research purposes. (Andrew et al. 1993a; Craufurd and Dodge 1993; Snell et al.
1993; Stine et al. 1993; Telenius et al. 1993; Claes et al. 1995; Langbehn et al. 2004;
Andresen et al. 2006; Langbehn et al. 2010) Approximately 40% of the residual
variance in the age of onset has been attributed to other genetic factors but despite
numerous suggestions for such genes, no strong evidence has accumulated yet to
implicate any single one of them. (Wexler et al. 2004; Gusella et al. 2014) However,
recent research using genome-wide analysis has suggested influential loci in chro-
mosomes 8 and 15 (Genetic Modifiers of Huntington’s Disease (GeM-HD) Consor-
tium 2015). Additionally, a non-coding single nucleotide polymorphism in the H7TT
promoter region has been found to affect the age of HD onset. The presence of the
variant in the affected allele delays HD onset while its presence in the wild-type
allele confers an earlier HD onset. (Becanovi¢ et al. 2015) The common genetic
variation at the HTT locus does not have any discernible effect on HD. (Lee et al.
2012) The length of the CAG repeat in the wild-type allele has been suggested to
correlate negatively with the age of onset independently of the length of the repeat
in the affected allele, although often this has been observed in only the paternally
derived normal alleles and in some cases, in only repeats of a certain length. (Snell
et al. 1993; Kehoe et al. 1999; Djoussé et al. 2003; Aziz et al. 2009a) A recent,
convincing study has refuted the existence of this effect when assessing the onset
of motor disease according to contemporary diagnostic criteria (Lee et al. 2012) and
smaller studies with more diverse diagnostic criteria have also found no effect of
the wild-type allele (Claes et al. 1995; Klempit et al. 2011). Homozygosity does not
seem to affect the age of onset. (Squitieri et al. 2003; Keum et al. 2016) Further
studies are needed concerning the observed effects on cognitive deterioration and
basal ganglia volumes (Aziz et al. 2009a) particularly as cognitive onset has been
suggested to be added to the diagnostic criteria (Reilmann et al. 2014b). Smoking
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and lower educational achievement have been recognized as environmental factors
associated with developing HD in patients with CAG lengths of 36-39 repeats. (Pan-
egyres et al. 2015)

Intergenerational instability. In the unstable range, the CAG repeat has been found
to expand or contract in up to 70-90% of meiotic transmissions. (Duyao et al. 1993;
Ziihlke et al. 1993; Kremer et al. 1995; Semaka et al. 2013b) In maternal inheritance,
the changes are usually small and slightly biased toward contraction. Paternal an-
ticipation is a well-known phenomenon in HD. (Ridley et al. 1988) During spermat-
ogenesis, the CAG repeat tract displays slight instability even in the normal range
with a tendency towards contraction. As the size of the paternal repeat increases, so
too does its instability and the bias shifts to expansion with the size of change cor-
relating with the size of the original repeat, an effect not observed in maternal trans-
missions. Thus, large expansions arise almost exclusively from paternal transmis-
sions. (Trottier et al. 1994; Kremer et al. 1995; Ranen et al. 1995; Norremglle et al.
1995; Wheeler et al. 2007; Aziz et al. 2011; Ramos et al. 2012; Semaka et al. 2013b)
However, in rare cases, large expansions with changes of over 20 repeats have oc-
curred in maternal transmission (Laccone and Christian 2000; Nahhas et al. 2005;
Ramos et al. 2012) and maternal expansion from the intermediate to the fully pen-
etrant range (from 33 to 48 repeats) has also been reported (Semaka et al. 2015).
There is also a report of maternal inheritance with a large contraction from 48 to 34
repeats. (Tang et al. 2006)

There are reports that the gender of the offspring could also affect the repeat length
result (Kovtun et al. 2004; Wheeler et al. 2007) but these have not been widely
replicated and it has been proposed that this could reflect population specific factors
at work (Aziz et al. 2011; Ramos et al. 2012). Repeat stability is not affected by the
season or parental age at conception, birth order, gender of the affected grandparent
or length of the CAG repeat in the wild-type allele. (Telenius et al. 1993; Kremer et
al. 1995; Ranen et al. 1995; Norremglle et al. 1995; Wheeler et al. 2007; Aziz et al.
2011) Somatic mosaicism is well documented and the largest variation in repeat
lengths occurs in those brain regions most affected by the disease process. (Telenius
et al. 1994; Aronin et al. 1995; Kennedy et al. 2003) This affects the age of onset,
with larger gains in repeat length leading to earlier disease onset. (Swami et al.
2009) An exception to the rule of paternal anticipation in HD has been found on the
island of Crete, where a late-onset form of HD featuring only stability or slight
contractions in intergenerational transmission has been found. This disease variant
has been traced to a single founder who lived approximately 1000 years ago. The
normal form of HD is also present on Crete. This suggests that cis-acting elements
affect the allelic instability of the CAG repeat. (Tzagournissakis et al. 1995;
Kartsaki et al. 2006)
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2.3.2 Molecular epidemiology of Huntington’s disease

The pathologic CAG expansion of HTT does not have a single founder mutation, but
has occurred in multiple situations in the general population. (MacDonald et al. 1992;
Andrew et al. 1993b) This proposal has been confirmed also in Finland and Sweden
(Ikonen et al. 1992a; Almgvist et al. 1994). However, this does not exclude the inter-
esting possibility that the majority of European HD chromosomes originate from a
single ancestral chromosome, which most likely did not exhibit an expanded CAG
repeat tract. (Lee et al. 2015) It has long been recognized that there are chromosome
4 haplotypes which carry a higher risk of HTT CAG expansion than others. (Andrew
& Hayden 1995) This could also underlie the variation in geographical distribution
of HD prevalence, as general population CAG repeat lengths have been shown to be
shorter in populations including Finns, with a lower HD prevalence. (Squitieri et al.
1994) Additionally, HD haplotypes differ between Europeans, black South Africans
and East Asians. (Squitieri et al. 1994; Almqvist et al. 1995; Rubinsztein et al. 1995)
Recent work has grouped chromosome 4 haplotypes into three haplogroups and re-
vealed that HTT CAG expansions are enriched in haplogroup A. This haplogroup can
be found in 95% of HD patients of European origin, and in 60-83% of those with an
intermediate allele. In particular, the A1 and A2 variants of haplogroup A confer a
high relative risk of CAG expansion and A3 is a moderate risk variant whereas A4
and AS carry no increased risk of expansion in populations of European origin.
(Warby et al. 2009, Semaka et al. 2013a) However, a case of intergenerational ex-
pansion from a paternal 26 repeats to the proband’s 44 repeats has been reported in a
haplogroup B allele. (Houge et al. 2013)

The high risk haplogroups are virtually absent in the populations with low HD prev-
alence. The HD cases in these populations are often associated predominantly with
haplogroups B and C, which have considerably lower expansion risks compared es-
pecially to variants A1-3, but also to variant AS. Interestingly, haplogroup C also has
a lower than average CAG size in the general East-Asian population compared with
other haplogroups. This is evidence that there are different expansion mechanisms
compared to the European variant where increased instability is associated with
longer repeat length. (Warby et al. 2009; Warby et al. 2011; Baine et al. 2013; Pulkes
et al. 2014) Interestingly, recent data suggests that the high risk haplotypes Al and
A2 may be rare in the general Finnish population. The sample size, however, was
small (17 chromosomes). (Warby et al. 2011)

The early linkage studies of seven Finnish families showed a lower degree of hetero-
zygosity compared to other populations and it was proposed that a single mutation
could be the cause of all cases of HD in Finland. (Palo et al. 1987) Support for this
hypothesis was soon published in the form of a linkage disequilibrium in a study
using restriction fragment length polymorphism (RFLP) haplotypes and investigating
70% of all diagnosed HD cases in Finland at the time. (Ikonen et al. 1990) However,
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a subsequent study using also genealogical records and additional, more distal haplo-
type markers refuted this theory by finding very low consanguinity, no regional en-
richment and the disappearance of the linkage disequilibrium when the more distal
markers were added. Instead, seven of the 25 families known at the time had foreign
ancestry and it was postulated that the mutation had arrived in Finland on several
distinct occasions. (Ikonen et al. 1992a)

No consistent ethnical difference in the sizes of repeat expansion in clinical HD pa-
tients of different population has emerged with means and medians usually of ap-
proximately 45 repeats (Duyao et al. 1993; Kremer et al. 1994; Benitez et al. 1994;
Soong & Wang 1995; Laccone et al. 1999; Ramos-Arroyo et al. 2005; Panas et al.
2010; Warby et al. 2011; Gatto et al. 2012; Vazquez-Mojena et al. 2013; Baine et al.
2013; Jiang et al. 2014; Moily et al. 2014; Pulkes et al. 2014; Kim et al. 2015) with
the exceptions that Mexicans having slightly longer and Turks and Danes appearing
to have slightly shorter repeats (Ngrremglle et al. 1993; Akbas and Erginel-Unaltuna
2003; Alonso et al. 2009), although mean or median were not presented for the Dan-
ish subjects. In addition, in Denmark a specific chromosome 4 haplotype associated
with a greater (geometric) mean of repeat length than in other haplotypes but an
18.8% later mean age of disease onset than in patients with a different haplotype but
similar CAG repeat length has been identified. These families are located compara-
tively close to each other in the central and western parts of Jutland and probably
have a common founder mutation. (Ngrremglle et al. 2009; Vinther-Jensen et al.
2016) In contrast, Mexicans have a higher proportion of patients with an infantile
onset, a shorter duration of disease, a higher frequency of HD homozygotes, a lower
incidence of intermediate alleles and a larger CAG-repeat length in normal HD genes
in unaffected individuals. (Alonso et al. 2009) A recent report from Portugal has di-
vided haplotypes into four core haplotypes of which A harbored the largest expan-
sions but no statistical difference was found in allelic instability between the core
haplotypes. (Ramos et al. 2015)

2.3.3 Molecular and cellular pathology in Huntington’s disease

No primary pathway of molecular pathology has been identified in HD. The normal
functions of huntingtin are still incompletely known, but the protein has been im-
plicated in numerous cellular processes including neurogenesis, endocytosis, intra-
cellular signaling, autophagy, transcriptional regulation, energy metabolism and
protection against excitotoxicity and apoptosis. Huntingtin is a very large protein
consisting primarily of repeated units of 50 amino acids which are called HEAT
repeats; it shares no obvious homology with any other known protein. It can be
mostly found in the cytoplasm and is present in multiple differently spliced forms
in the brain. Huntingtin has over 200 interaction partners via a multitude of interac-
tion domains, especially at its N-terminus where the polyglutamine tract is located.
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A scaffolding function for other proteins and protein complexes has been proposed.
Although patients with Wolf-—Hirschhorn syndrome, caused by hemizygous loss of
the tip of chromosome 4p including H77, do not show features of HD, a deficiency
of wild type huntingtin appears to lead to neurodegenerative consequences to some
extent. The mutant form can compensate for this deficit to only a limited extent.
Studies on the ratio of wild-type and mutant huntingtin transcription and protein
expression levels have produced conflicting results. (Ikonen et al. 1992b; Andrew
and Hayden 1995; Cattaneo et al. 2005; Imarisio et al. 2008; Ross & Tabrizi 2011;
Liu et al. 2013; Sousa and Humbert 2013; Welsh et al. 2015; Evers et al. 2015; Mort
et al. 2015; Martin et al. 2015) Homozygosity for HD mutation is very rare and
interpretation of study results on the subject has been hampered by differences in
defining homozygosity, primarily pertaining to the inclusion or exclusion of com-
pound heterozygotes and the classification of the shorter mutated allele. However,
it seems that homozygosity affects the clinical course to a certain extent (Squitieri
et al. 2003) but does not influence either the age at disease onset or the disease
duration (Keum et al. 2016).

It is currently believed that the main pathogenic mechanism in HD is a toxic gain
of function of the mutant protein. (La Spada & Taylor 2010) Since the elongated
polyglutamine tract leads to aberrant folding of the mutant protein, the cardinal
feature of all PolyQ disorders, research has been mainly directed at elucidating
how this change of conformation alters huntingtin’s potential for interactions with
other proteins. As in other neurodegenerative disorders such as Alzheimer’s and
Parkinson’s diseases, pathognomonic inclusions are also found in HD in which
these ubiquitinated intranuclear bodies and cytoplasmic aggregates contain mutant
huntingtin and other proteins. These inclusion bodies also contain amyloid fibers,
implicated in Alzheimer’s disease pathogenesis, and a-synuclein, an essential
component of Lewy bodies found in Parkinson’s disease. Moreover, the number
of huntingtin inclusions depends on a-synuclein expression levels, similarly to the
situation in Alzheimer’s disease. Furthermore, copper and possibly iron have been
shown to facilitate protein aggregation in HD by binding to the PolyQ tract and a
role has also been postulated for protein 14-3-3. However, it is still being debated
whether these inclusions are deleterious, protective or epiphenomenal. (Ross &
Poirier 2004; Fox et al. 2007; Imarisio et al. 2008; La Spada et al. 2011; Tomaés-
Zapico et al. 2012; Labbadia & Morimoto 2013; Shimada et al. 2013; Xiao et al.
2013; Bachhuber et al. 2015)

Following the identification of the role of soluble amyloid oligomers in the pathology
of Alzheimer’s disease (Haass & Selkoe 2007), much research has been done in stud-
ying N-terminal polyglutamine containing huntingtin fragments. These fragments
seem to be more toxic than the full mutant protein and even long PolyQ tracts by
themselves have been shown to be toxic. Indeed, the protein aggregates in HD seem
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to include mostly N-terminal fragments of huntingtin instead of the full protein.
(Imarisio et al. 2008; Ross & Tabrizi 2011). These fragments originate from the trans-
lation of a short polyadenylated mRNA which results from aberrant splicing of the
HTT exon 1 transcript in a CAG repeat length-dependent manner and probably also
by caspase-6 cleavage. (Sathasivam et al. 2013; Labbadia & Morimoto 2013) Inter-
estingly, CAG repeats have been shown to induce splicing aberrations of other gene
products in a way similar to the CUG repeat of DM1. (Mykowska et al. 2011) This
probably explains why tau pathology, the hallmark of tauopathies such as Alz-
heimer’s disease, progressive supranuclear palsy and Pick’s disease, has also been
detected in HD. (Fernandez-Nogales et al. 2014; Vuono et al. 2015) The cerebrospi-
nal fluid total tau-level has also been reported to correlate with disease severity in
HD. (Rodrigues et al. 2016) Similar to the situation with a-synuclein and tau pathol-
ogies in other neurodegenerative disorders, huntingtin pathology has also been shown
to propagate from cell to cell. (Pecho-Vrieseling et al. 2014; Brettschneider et al.
2015; Tan et al. 2015)

Interestingly, recent research has also revealed that bidirectional transcription that
produces natural antisense oligonucleotides at the H77 locus also plays a role in the
pathogenic process. This occurs, at least in part, through regulatory effects on the
levels of huntingtin in the cell. (Chung et al. 2011; Budworth & McMurray 2013)
Additionally, sense as well as antisense repeat-associated non-ATG (RAN) transla-
tion proteins have been associated with the disease process. (Bafiez-Coronel et al.
2015) As noted before, also more diverse RNA toxicity has also been implicated
HD. (Walsh et al. 2015) For instance, small CAG-repeated RNAs (sCAGs) may
aberrantly activate the siRNA/miRNA gene silencing machinery causing a detri-
mental response. (Bafiez-Coronel et al. 2012)

Disruption of protein transcription. Several cellular processes are disrupted in HD
(figure 5). The neuronal dysfunction that leads to the main clinical features begins
early in the disease process i.e. the expression levels of genes crucial for calcium
homeostasis, neuronal differentiation, neuronal survival, and neurotransmission are
decreased. (Labbadia & Morimoto 2013) Indeed, some 200 mRNAs in HD brains
show signs of dysregulation which correlates with disease stage. Mutant huntingtin
interacts with and may or may fail to sequester several transcription factors and re-
pressors such as p53, cAMP-response-element-binding protein (CREB)-binding pro-
tein (CBP), nuclear factor-kB (NF-kB), specificity protein 1 (Sp1) and the transcrip-
tional repressor REST/NRSF which inhibits the expression of many neuronal genes
in non-neuronal tissues. Wild-type huntingtin binds to and sequesters REST/NRSF,
a process inefficiently carried out by mutant huntingtin. As a result, many neuronal
genes become downregulated in HD brains including brain-derived neurotrophic fac-
tor (BDNF), a synaptic protein important for neuronal growth, maturation and sur-
vival. (He & Todd 2013; Sousa & Humbert 2013; Welsh et al. 2015)
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Figure 5 Schematic diagram of Huntington disease cellular pathogenesis. Yellow boxes high-
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Mitochondrial dysfunction. Transcriptional dysregulation has also been implicated
in the process by which the mutant huntingtin impairs mitochondrial function and
predisposes neurons to oxidative damage since this toxic protein binds to the pro-
moter of peroxisome proliferator-activated receptor y coactivator 1-o. (PPARGC1A)
and its protein product PGC-10, a transcriptional co-activator and fundamental regu-
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lator of energy homeostasis, mitochondrial biogenesis and respiration as well as an-
tioxidant defences. (Imarisio et al. 2008; Welsh et al. 2015) Among others, increased
oxidative stress inflicts damage on DNA which in turn activates DNA repair. The
activity of BER enzyme 7,8-dihydro-8-oxoguanine-DNA glycosylase (OGG1) leads
to somatic DNA instability, including H77. In addition to an effect on PGC-1a, a
direct interaction between huntingtin and mitochondrial outer membrane and inhibi-
tion of mitochondrial protein import have been reported. Mitochondrial dysfunction
also impairs cellular calcium homeostasis and increases a cell’s susceptibility to ex-
citotoxicity and apoptosis. Furthermore, also mitochondrial trafficking is defective
which impairs mitochondrial maintenance and reduces the localization of mitochon-
dria to areas with high energy requirements such as synapses. (Imarisio et al. 2008;
Labbadia & Morimoto 2013; Yano et al. 2014) Unlike the situation in some other
neurodegenerative diseases, including FRDA, mitochondrial DNA haplotypes have
no association with clinical phenotype in HD. (Mancuso et al. 2008)

Impairment of intracellular trafficking. Wild-type huntingtin can be mostly found
in the cytoplasm where it is associated with vesicles and microtubules. An anti-dynein
antibody precipitates huntingtin in a complex consisting of intracellular trafficking
proteins, such as cytoplasmic dynein, dynactin, kinesin and huntingtin-associated
protein 1 (HAP1). Huntingtin appears to be an integrator of transport along the cellu-
lar cytoskeleton by participating in endocytosis, endosomal motility and axonal
transport and mutant huntingtin has been associated with impaired axonal transport.
The exact mechanism of the trafficking dysfunction remains to be elucidated, but
sequestration of motor proteins into intracellular aggregates, altered regulation of mo-
tor function or general metabolic dysfunction and energy depletion have been pro-
posed. Furthermore, it is not known the extent to which this is a result of a possible
loss of normal huntingtin function and how much of the toxicity can be attributed to
the mutant form. Dysfunctional intracellular trafficking impairs mitochondrial
transport, neurotransmitter release and protein degradation systems. (Caviston &
Holzbaur 2009; Labbadia & Morimoto 2013)

Cellular housekeeping. Autophagosomes are the cytosolic cellular apparatus respon-
sible for delivering damaged cell organelles and toxic or aggregated proteins to lyso-
somes where they are broken down. A process called basal autophagy, regulated by
mammalian target of rapamycin (mTOR) and a-synuclein, contributes to axonal ho-
meostasis and synaptic plasticity and interacts with apoptotic mechanisms. Autoph-
agy is impaired in two ways in HD. Wild-type huntingtin appears to participate in
autophagy by forming a scaffold for autophagosome transport and biogenesis while
mutant huntingtin is unable to fulfill this function efficiently. Moreover, mutant hun-
tingtin impairs autophagosome cargo loading and mobility and prevents their fusion
with lysosomes. These disturbances generate a positive feedback loop that leads to
increased activation of autophagy in HD, in contrast to many other neurodegenerative
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disorders. This results in an abundance of empty autophagosomes in the cytosol. In-
deed, huntingtin is an important regulator in autophagy and it has been even proposed
that HTT may have evolved from yeast autophagy genes. There is also another cellu-
lar cleaning system, the ubiquitin-proteasome system (UPS); in this process, pro-
teasomes degrade damaged and short-lived proteins marked by ubiquitin. This system
is operational both in the nucleus and cytosol has roles in cell signaling, neuronal
plasticity and neurotransmission. UPS has also been proposed to be impaired in HD
but the evidence is not equivocal and the mechanisms and significance of the ob-
served changes remain to be elucidated. In addition to leading to a build-up of many
damaged and toxic proteins and a possible disruption of cellular signaling, the im-
pairment of autophagy and possibly UPS partly explains the aggregates found in HD.
There is recent evidence suggesting that of the two processes, UPS is more important
for the removal of huntingtin aggregates. (Corrochano et al. 2012; Martin et al. 2015)

Non-cell-autonomous processes. Excitotoxicity attributable to increased glutama-
tergic signaling and decreased glutamate uptake of astrocytes, especially in corti-
costriatal forebrain networks, has been implicated in HD. Increased extrasynaptic N-
methyl-D-aspartate (NMDA) receptor activation results in gene expression favoring
cell death, mitochondrial calcium overload and release of apoptotic factors. (Imarisio
et al. 2008; Sepers & Raymond 2014) Defective mitochondrial function in turn in-
creases the liability to excitotoxic damage. Furthermore, glial dysfunction due to mu-
tant huntingtin has been reported to be deleterious to neurons in HD. (Imarisio et al.
2008) Microglia and astrocytes participate in the neuroinflammatory processes that
are activated in HD. It has been proposed that extracellular mutant huntingtin frag-
ments activate an inflammatory process and this is further enhanced by microglial
activation that eventually leads to an inflammatory circulus vitiosus. Microglia are
the primary macrophages in the central nervous system and its major population of
resident immune cells. These helper cells have been implicated in many acute and
chronic neurological disorders. Mutant huntingtin has a direct but incompletely char-
acterized effect on microglia and their activation can be detected 15 years before any
manifestation of clinical HD. Oxidative damage to DNA, lipids, and proteins, a char-
acteristic of a chronic inflammatory response, has been observed in HD. (Crotti &
Glass 2015)

Astrocytes, which comprise 90% of the cells in the brain, provide a framework for
other cells and provide them with factors important for normal function. They also
remove toxic materials and nourish neurons with lactate. In addition, they intensify
the inflammatory response initiated by microglia, remove debris and participate in
damage repair. Astrocytes expressing mutant huntingtin are deficient in performing
these processes and instead are prone to support proinflammatory activation. (Crotti
and Glass 2015) There is also evidence suggesting that the presence of the mutant
protein can alter gene expression patterns and function in peripheral immune cells.
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The relation of these changes to disease severity is unknown, but serum levels of
cytokines have been suggested as biomarkers to assess the efficacy of anti-inflamma-
tory interventions. However, more work on this topic is needed. (Bjorkqvist et al.
2008; Wild et al. 2011; Silajdzi¢ et al. 2013; Trager et al. 2014; Crotti & Glass 2015)
Lastly, also the cerebral vasculature is affected in HD. (Drouin-Ouellet et al. 2015)

2.3.4 Pathological anatomy in Huntington’s disease

The most severe neuronal damage occurs in the caudate nucleus and putamen, jointly
called the striatum. In the caudate, degeneration is usually more severe in the tail and
body compared to that occurring in the head. Striatal degeneration can be graded with
the Vonsattel grading system into five grades (0—4) of severity. (Vonsattel et al. 1985)
Although many subtypes of neurons are vulnerable to damage in HD, the most sus-
ceptible seem to be the gabaergic striatal medium spiny neurons (MSNs). Up to 95%
of these interneurons that project to the globus pallidus and the substantia nigra may
be lost whereas cholinergic interneurons are relatively spared. (Ross & Tabrizi 2011;
Waldvogel et al. 2012; Sepers & Raymond 2014) Many suggestions have been pos-
tulated to account for the elevated vulnerability of MSNs, including evidence of their
increased susceptibility to mitochondrial malfunction (Beal et al. 1993), loss of
BDNF support from cortico-striatal projections, differing levels of huntingtin expres-
sion and increased susceptibility to excitotoxicity (Ross & Tabrizi 2011). Recently,
the preferential striatal expression of the autophagy-activating Rhes protein which is
inhibited by huntingtin has been added to the list. (Mealer et al. 2014) In addition to
the gabaergic and glutamatergic dysfunction, changes in endocannabinoid and dopa-
mine signaling have been reported. (Sepers & Raymond 2014)

In addition to the striatum, atrophy can be observed in other areas of the brain such
as the cerebral cortex, subcortical white matter, hippocampi, thalamus, amygdala,
some hypothalamic nuclei, as well as other regions of the brain like the cerebellum,
but mostly in the forebrain. In the advanced stages of the disease, especially in cases
with juvenile onset, brain atrophy is widespread and the end-stage brain may have
lost up to 300-400 grams of its weight. The overall pattern of atrophy, however, is
individually variable and often, but not invariably appears to correlate with the vari-
ation observed in clinical presentation. (Ross & Tabrizi 2011; Pillai et al. 2012;
Waldvogel et al. 2012; Petersén and Gabery 2012; Rees et al. 2014) The regional
rates of brain atrophy are influenced more by the age of HD onset rather than by CAG
repeat length which is only partially or not at all correlated with the rate of change in
many areas. (Rosas et al. 2011) Changes in brain connectivity are evident already in
the premanifest stage of HD (Koenig et al. 2014) and active compensational mecha-
nisms in the right hemisphere have been observed (Kloppel et al. 2015). Functional
connectivity increases with progression of clinical impairment, as evidenced by re-
duced intra-network differentiation and impaired functional coupling. (Werner et al.
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2014) Cortical connections deteriorate in a region-specific manner with the most se-
vere reduction occurring in associative and primary sensorimotor connections while
limbic connections are relatively preserved. (Marrakchi-Kacem et al. 2013)

Extraneural tissues. Pathological changes are also evident outside the central nerv-
ous system in HD (figure 6). Initially these were considered to be a dystrophic con-
sequence of the nervous system impairment but lately it has been recognized that the
ubiquitous expression of mutant huntingtin and lower levels of wild-type protein also
have local peripheral consequences independently of those occurring in the nervous
system. (Sousa & Humbert 2013) Muscle hyperexcitability that results from ion chan-
nel dysfunction has even been proposed to contribute to the motor manifestations of
the disease (Waters et al. 2013). Hormonal changes because of hypothalamic and pi-
tuitary dysfunction partially explain these manifestations but direct deleterious effects
of mutant huntingtin on cells of many peripheral tissues have also been reported. The
exact peripheral pathological mechanisms in HD are, however, unknown. (van den
Burg et al. 2009; McCourt et al. 2015)

Cardiac failure has been clearly documented in animal models of HD and is often
referred to as a clinical entity also in human patients (van Den Burg et al. 2009).
However, there is little clinical data to support this view apart from reports that show
cardiac disease to be the second most frequent cause of death in those patients for
whom a cause other than HD was specified. (Rinaldi et al. 2012; Zielonka et al. 2014)
Impaired glucose tolerance and an increased susceptibility to diabetes have also been
suggested (van den Burg et al. 2009), but recent studies have reported only subclinical
or no changes of glucose metabolism in patients with adult-onset HD (Boesgaard et
al. 2009; Aziz et al. 2010a; Russo et al. 2013). Weight loss and decreased body fat
stores have been associated with altered leptin secretion (Aziz et al. 2010b) but other
results concerning leptin and ghrelin secretion have been inconsistent (Petersén &
Gabery 2012).

The effects of huntingtin are known to differ according to which cell type is investi-
gated. The most obvious outliers are cells with mesenchymal properties such as fi-
broblasts, adipocytes, stromal cells, myocytes and smooth muscle cells which express
little or no huntingtin. As epithelial cells in the same tissues as these mesenchymal
cells express more huntingtin, it seems that huntingtin is a regulator of tissue mainte-
nance functions and cell morphology. (Sousa & Humbert 2013) Mutant huntingtin
has been shown to affect autophagy and UPS differently and tissue-specifically. (Her
et al. 2015) Blood cells also display changes in HD but their significance remains
unknown. Peripheral immune cells expressing mutant 77 do not show hyperactivity
but rather seem to exhibit functional defects. Thus, their role, if any, in triggering
inflammatory processes in the CNS in HD seems limited. Nevertheless, a role in other
peripheral manifestations has been suggested. (van den Burg et al. 2009; Crotti &
Glass 2015)
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Figure 6 Peripheral pathology in patients with Huntington's disease. Reprinted from The Lancet
Neurology, Vol. 8, van den Burg JMM, Bjorkqvist M, Brundin P, Beyond the brain: widespread
pathology in Huntington's disease, Pages 765-774, Copyright 2009, with permission from Elsevier.

2.4 Clinical Huntington’s disease

2.4.1 Premanifest phase

Before the appearance of signs and symptoms consistent with a diagnosis of manifest
Huntington’s disease, there is a premanifest phase that can be divided into ‘presymp-
tomatic’ and ‘prodromal’ subcategories (figure 7). These stages represent a contin-
uum with no clear-cut natural boundaries, although the progression of motor signs
and functional status do not seem to be perfectly linear. (Ross et al. 2014a; Paulsen
et al. 2014; Huntington Study Group PHAROS Investigators 2016) Neuronal dys-
function is evident in cytological and molecular studies performed in the presympto-
matic phase and imaging studies have revealed mild changes consistent with early
neurodegeneration. However, there are no distinct, discernible signals of disease that
a clinician could detect in an individual patient. (Walker 2007; Ross et al. 2014a)
Since the age of onset, which depends mostly on the number of CAG repeats in the
affected HTT allele, can be at any age, the length of the presymptomatic phase varies
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considerably. The age at onset of manifest HD can be estimated by the CAG age
product (CAP) score. This was first introduced when assessing striatal neurodegen-
eration and presented as [Striatal dysfunction = constant x age x (CAG — 35.5)] in
which the constant would be determined by the striatal dysfunction that was being
measured. (Penney et al. 1997) More recently, the CAP score has been used in a
standardized form to assess the disease burden in prospective studies of HD progres-
sion (figure 7). The standardized equation is {CAP = 100 x age x [(CAG — L) + S]}
where L and S are constants for which slightly varying values have been used. The
constants are chosen in a way that the equation should yield a value of 100 at the time
of expected disease onset. However, individual variance has been observed. (Ross et
al. 2014a)

Symptomatology in premanifest HD. Psychiatric symptoms are present in both the
premanifest and manifest stages of HD. However, in persons who have a family his-
tory of HD, the life-time prevalence of psychiatric disorders is similar in persons with
and without the mutation. Thus, psychiatric symptoms that are essentially unrelated
to manifest HD may, and often do, occur not only in the neurologically presympto-
matic phase of gene-carriers but also in at-risk persons not carrying the affected allele.
(Julien et al. 2007; Craufurd et al. 2015; Martinez-Horta et al. 2016) When comparing
these groups, the neurologically non-symptomatic carriers have been reported to have
more apathy, depression, irritability, hostility, obsessive-compulsiveness, anxiety, in-
terpersonal sensitivity and phobic anxiety as well as poorer recognition memory than
non-carriers, although there have been some inconsistencies between studies. (Close
Kirkwood et al. 2002a; Berrios et al. 2002; Duff et al. 2007; Martinez-Horta et al.
2016) The factor structure of psychiatric symptoms also differs with carriers display-
ing a structure of ‘personality’, ‘cognition' and "affect' whereas non-carriers show a
structure of “dissociative', “personality and somatic', and ‘anxiety'. (Berrios et al.
2002) However, some studies have reported no difference in psychiatric symptoms
between carriers and non-carriers (Soliveri et al. 2002; Close Kirkwood et al. 2002b)
and even when differences have been detected at baseline, there has been no differ-
ence in symptom progression between the groups (Huntington Study Group PHA-
ROS Investigators 2016). This may be related to the methodology used as the subtle
psychiatric symptoms are more amenable to discovery by dimensional rather than by
applying a categorical approach. (Berrios et al. 2002; Duff et al. 2007)
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specific degeneration earlier. Abbreviations: CAP, CAG age product; HD, Huntington disease. Re-
printed by a permission from Macmillan Publishers Ltd: Nature Reviews Neurology, Ross et al. 10,
204-216, copyright 2014.

A carrier of an HTT allele in the affected range enters the prodromal stage when subtle
changes, often called ‘soft signs’, in the results of motor or cognitive testing become
evident. This usually happens 10-15 years before the onset of manifest HD. (Ross et
al. 2014a; Huntington Study Group PHAROS Investigators 2016) Multiple imaging
measures such as volumes of putamen, caudate, striatum, grey matter and white mat-
ter show disease progression during the prodromal phase. (Tabrizi et al. 2014) It has
been estimated that although neuroimaging may show changes already 20 years be-
fore estimated disease onset, the cognitive decline becomes evident approximately 10
years before any diagnosis of HD can be made, interpreted as due to the functioning
of compensatory mechanisms which gradually become overwhelmed. (Papoutsi et al.
2014)
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Table 3 The profile of cognitive change in premanifest HD. (Giordani et al. 1995; Campodonico
et al. 1996; Kirkwood et al. 2000; Smith et al. 2000; Paulsen et al. 2001; Snowden et al. 2002; Lem-
iere et al. 2004; Farrow et al. 2006; Feigin et al. 2006; Hinton et al. 2007; Ghilardi et al. 2008;
Solomon et al. 2008; Rupp et al. 2009; Maroof et al. 2011; Papp et al. 2011; Paulsen et al. 2013;
Tabrizi et al. 2013; Georgiou-Karistianis et al. 2014; Papoutis et al. 2014; Martinez-Horta et al. 2016;
Huntington Study Group PHAROS Investigators 2016)

Basic attention, working memory, tapping speed, inhibition,
odour recognition, psychomotor response time, set switching
and maintenance, motor timing, verbal fluency, verbal learn-
ing, verbal long-term memory, facial recognition, emotion
recognition, nonverbal problem-solving, learning of random
associations, planning, sequencing and especially information
processing speed

Semantic memory, language comprehension and spatial aware-
ness and orientation

Initiation and execution of movements become slower, rapid
alternating movements become more difficult, motor timing
becomes impaired and motor sequencing deteriorates

Affected cognitive
faculties

Little or no change

Interplay between
cognitive and motor signs

The profile of cognitive decline in premanifest HD points to a primarily subcortical
process (table 3). Most studies have found a faster rate of cognitive decline near dis-
ease onset. However, there is considerable variation between studies and different
tests which probably reflects not only methodological differences but also true heter-
ogeneity in the HD phenotype. In a study of 575 premanifest mutation-carriers, the
criteria for mild cognitive impairment (MCI) were met by 27.3% of those far (more
than 15 years) from predicted HD onset and by 54.1% of those near (less than 9 years)
HD onset. Single-domain MCI was more common in both the far and mid pre-HD
persons but rates of single and multiple-domain MCI were similar in the near-group.
Amnestic MCI was less common than nonamnestic MCI. (Duff et al. 2010) Along
with cognitive decline, sleep disruption is one of the earliest changes in premanifest
HD. (Lazar et al. 2015)

Performance in repetitive and rapid alternating movements, psychomotor speed, mo-
tor timing, optokinetic nystagmus, saccades and finger-tapping declines over the pro-
dromal period (Kirkwood et al. 1999; Lemiere et al. 2004; Solomon et al. 2008; An-
toniades et al. 2010; Rowe et al. 2010; Maroof et al. 2011) although no change in
total motor performance over three years when compared to healthy controls has been
reported (Tabrizi et al. 2014).

Pathological results of autonomous nervous system tests and related symptoms, of
which dizziness after quickly standing up is the most common, have also been re-
ported in prodromal HD. Their severity is associated with the progression of cognitive
and motor changes. (Kobal et al. 2004; Aziz et al. 2010c; Kobal et al. 2014) With
respect to the psychiatric and behavioral signs and symptoms, apathy is more preva-
lent in prodromal HD than in healthy controls (Tabrizi et al. 2014) and suicidality has
also been reported (Hubers et al. 2012). A functional decline has been claimed to be
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evident in occupational performance, managing finances, driving, supervising chil-
dren and volunteering; this symptom is associated with depression and declining per-
formance in neuropsychological tests. (Beglinger et al. 2010) Towards the end of the
prodromal period, hyperkinetic movements described as fidgeting or even mild cho-
rea may start transiently to emerge, especially at times of increased stress. (Roos
2010) However, it should be noted that persons who are at risk for HD but conse-
quently demonstrated not to carry the risk allele, may also develop signs and symp-
toms suggestive of HD. (de Boo et al. 1998; McCusker et al. 2000) Non-carriers
aware of their non-risk status also sometimes report developing transient signs and
symptoms mimicking those of a family member with manifest HD after visiting them.

Preclinical progression. While mostly utilized in research settings, the Unified Hun-
tington’s Disease Rating Scale (UHDRS) can also be used in the clinic to assess pa-
tients with HD. The UHDRS adequately measures the status and decline of patients
with early or moderate HD. A modified scale has been validated for advanced patients
(UHDRS-For Advanced Patients or UHDRS-FAP) (Youssov et al. 2013) and the de-
velopment of a scale for assessing symptoms and functional status in prodromal and
early HD is ongoing (Vaccarino et al. 2011a-b). In addition to the CAG repeat length,
the strongest predictors of phenoconversion from prodromal to manifest HD are re-
duction of UHDRS total motors score, decline in the volume of putamen on neuroim-
aging, reduction of Stroop word score in the cognitive domain, (Paulsen et al. 2014)
caudate volume, grey-matter volume and inter-tap interval (Tabrizi et al. 2014). Ap-
proximately 20% of the variation in the age of onset results from environmental in-
fluence (Wexler et al. 2004). Extensive work on the environmental modifiers of age
of HD onset has been conducted on animal models (Mo et al. 2015). In humans, pas-
sive lifestyle (Trembath et al. 2010), substance abuse (Byars et al. 2012) and higher
consumption of caffeine (Simonin et al. 2013) and dairy products (Marder et al. 2013)
have been associated with an earlier disease onset. Longer education has also been
associated with an earlier onset, but as it was also associated with less severe symp-
toms although this may simply mean that signs and symptoms are more readily de-
tected in persons with more education. (Lopez-Sendon et al., 2011) Moreover, an-
other study found no association between education and age of HD onset (Trembath
et al. 2010). Higher caloric intake has also been associated with the risk of phenocon-
version but this may be a result of increased metabolic demand close to disease onset
as no change seemed to occur in the body mass index. (Marder et al. 2009)

2.4.2 Predictive testing and diagnosing Huntington’s disease

Predictive testing. Predictive testing of HTT allele status for persons at risk of HD can
be carried out both in the presymptomatic and the prodromal phase. The guideline for
predictive testing stipulates that there should be extensive genetic counselling and a
period of consideration before carrying out the test because the test is irrevocable and
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entails psychosocial consequences not only for the person at risk but also his or her
relatives. (MacLeod et al. 2013) The assessment of depression and risk of suicide, even
after a negative test result, is of particular importance when predictive testing is per-
formed and continuing support is needed. (Almgqvist et al. 1999; Codori et al. 2004;
Larsson et al. 2006; Gargiulo et al. 2008) In a prospective study of 753 mutation-posi-
tive premanifest individuals with mean follow-up of 3.7 years, the risk of attempted
suicide was 1.6% and completed suicide 0.1%. Increased risk of suicidal behavior was
associated with a history of suicide attempts and the presence of depression. (Fiedoro-
wicz et al. 2011) Mutation-positive premanifest persons are at an increased risk of de-
veloping depression. It occurs in only a fraction of these persons but is hard to predict
as it can emerge at any time and is not related to CAG length or associated with the
time of genetic testing or proximity to expected time of diagnosis. (Epping et al. 2013)
When divided into three groups with respect to the distance to expected age of onset
(far, middle, near), premanifest persons in the middle group experience as much stress
as recently diagnosed persons and more than other premanifest groups or healthy con-
trols. The overall level of perceived stress in premanifest persons with a positive test
result is, however, comparable to that in the general population and lower than in pa-
tients with other chronic diseases. (Downing et al. 2012)

The utilization of predictive testing has remained low with an uptake of under 20%
of the estimated population at risk. (Creighton et al. 2003; Tassicker et al. 2008; Mor-
rison et al. 2011; Wedderburn et al. 2013) The implementation of preimplantation
and prenatal testing also remains uncommon. (Simpson et al. 2002; Tassicker et al.
2006; Schulman and Stern 2015) According to the current consensus, predictive test-
ing should not be performed in persons under 18 years of age. (MacLeod et al. 2013)

Making a diagnosis of clinically manifest Huntington’s disease. A diagnosis of
manifest HD can be made whether or not predictive testing has been conducted. There
are no recognized formal criteria for diagnosing HD, but according to a wide consen-
sus, the diagnosis of HD can and should be made only when unequivocal motor signs
consistent with HD are present. In research settings and informal clinical practice,
this motor onset is defined as a value of 4 on the UHDRS Diagnostic Confidence
Level (DCL) subscale indicating at least 99% confidence. (Kremer 2002; Loy &
McCusker 2013; Ross et al. 2014a) Thus the diagnostic threshold still retains consid-
erable subjectivity and fluctuations between statuses of manifest HD and motor im-
pairment without HD are sometimes observed in consequent follow-up visits around
the time motor onset is expected (Liu et al. 2015). Furthermore, anosognosia is a well-
documented feature in HD, and up to half of patients with evident motor phenocon-
version are unaware of their motor symptoms (McCusker et al. 2013), thus making it
improbable they are likely to seek medical help. On the other hand, problems at work
related to cognitive decline are often the first tangible signs of HD. These may
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Table 4 Proposed new criteria for diagnosis of Huntington’s disease (G10)* (modified from
Reilmann et al. 2014b)

Genetically con- HD NOT genet-
firmed HD ically confirmed
(G10.1) (G10.2)
Presymptomatic - No clinical motor signs or symptoms (Motor DCL =  Clinically at-risk
HD (G10.1.1) Oor1) for HD (G10.2.1)
HD, genetically - No cognitive signs or symptoms HD, not genet-
confirmed, - May or may not have changes in imaging, quantita- ically confirmed,
asymptomatic tive motor assessments, or other biomarkers clinically at-risk

Prodromal HD
(G10.1.2)

HD, genetically
confirmed, pro-
dromal

Manifest HD
(G10.1.3)

HD, genetically
confirmed, mani-
fest

- No symptomatic treatment indicated

- Disease-modifying treatment when safe and availa-
ble

- Subtle motor signs (usually motor DCL = 2)
AND/OR subtle cognitive signs or symptoms

- Minor decline from individual premorbid level of
function may be detectable, but not required and not
detectable on TFC.

- Apathy or depression or other behavioral changes
judged related to HD may be present

- Usually changes in imaging and quantitative motor
assessments

- May or may not require symptomatic treatment, e.g.
for depression

- Disease-modifying treatment approproate

- Presence of clinical and/or cognitive signs and
symptoms that have an impact on life, with

- Functional changes, eg, decrease in TFC

- Motor DCL = 3 or 4 (or Motor DCL of 2 if cognitive

changes are significant AND there is evidence of
progression)

- Symptomatic and disease-modifying treatment ap-
propriate

Clinically Prodro-
mal HD (G10.2.2)
HD, not genet-
ically confirmed,
clinically prodro-
mal

Clinically Mani-
fest HD (G10.1.3)
HD, not genet-
ically confirmed,
clinically mani-
fest (requires Mo-
tor Dx confidence
= 4 plus cognitive
changes)

* G10 is the classification for HD in the current “International Classification of Diseases” [ICD-10-
GM-2014] published by the World Health Organization (WHO) — see http://apps-who.int/classifica-
tions/icd10/browse/2010/en#/G10. New subcategories for the G10 diagnosis are proposed here.
DCL, diagnostic confidence level (on UHDRS); HD, Huntington’s disease; TFC, total functional
capacity (on UHDRS)

be mistaken for ‘burn-out’ or depression and are often the reason gene-carriers, aware
or unaware of their carrier status, seek help. (Roos 2010) Therefore, new diagnostic
criteria based on the natural history of HD have been proposed and these now incor-
porate cognitive onset. (table 4, Reilmann et al. 2014b) Prospective studies have
shown a clear threshold for motor, cognitive and functional variables at CAP score
100 (indexed for estimated disease onset) when a marked decline takes place. (Ross
et al. 2014a) The most frequent initial symptom is chorea, followed by trouble in
walking, unsteadiness/imbalance, becoming difficult to get along with, depression,
clumsiness and speech difficulties. (Foroud et al. 1999) When a formal diagnosis of
HD is considered, it should be remembered that the period that immediately precedes
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receiving the diagnosis is the first period of increased suicide risk in HD. (Paulsen et
al. 2005) It should also be noted that there is considerable interindividual variability
in the phenotype of HD. (Walker 2007)

2.4.3 The classical triad of signs and symptoms in Huntington’s disease

The motor phenotype. Chorea is the hallmark sign of HD and the one on which motor
diagnosis is usually based. Chorea in HD is often described to begin with involuntary,
subtle and hyperkinetic movements which other people start to perceive as fidgeting
and restlessness. These initial hyperkinesias often are manifest in peripheral locations
such as fingers or toes. Gradually they evolve into manifest chorea, a phenomenon of
fluid and arrhythmic dance-like movements that shift from one region to another in
an unpredictable manner and often involve several parts of the body simultaneously.
No specific pattern exists, but chorea usually affects all parts of the body including
the spinal muscles and the head and the face with also the oro-lingual area involved.
In manifest disease, it is present all of the time the patient is awake. As the disease
advances, chorea often becomes more severe and universal before subduing, being
replaced by bradykinesia and rigidity in the end-stage of the disease. However, be-
yond phenoconversion to manifest disease, chorea is a poor indicator of disease stage.
Furthermore, in rare cases, HD may begin virtually without chorea with bradykinesia
and rigidity as the prominent motor symptoms. This phenotype, called the Westphal
variant, is usually associated with JHD but is rarely observed also in adult-onset pa-
tients. In general, while chorea may interfere with voluntary activities like writing or
eating and as a reason for falls, it is less debilitating than bradykinesia and rigidity.
Lastly, it should be noted that chorea and dystonia fluctuate substantially (influenced
by, for instance, emotional stress) and have shown comparably low interrater relia-
bility. (Huntington Study Group 1996; Walker 2007; Roos 2010; Novak & Tabrizi
2011; Ciammola et al. 2011)

The motor phenotype of HD includes many other aspects in addition to chorea, brad-
ykinesia and rigidity. Dystonia frequently occurs and may affect any part of the body.
It may cause significant distress, impaired functioning and pain. Eye movements in-
itially show difficulties in vertical and horizontal saccade initiation and eventually
patients need to blink their eyes or move their head to initiate saccades. Eye move-
ment range also decreases and eye movements become jerky. An impairment of eye
movements is found also in vergence, optokinetic nystagmus, vestibulo-ocular reac-
tion and steady fixation coupled with excessive distractibility. Motor impersistence
manifests as an inability to hold the tongue protruded and the inability to exert steady
pressure with hands resulting in the characteristic ‘milkmaid’s grip’. Motor sequenc-
ing and performing of rapid alternating movements are disrupted. Reflex status may
also be abnormal and one change characteristic to HD is the Gordon’s phenomenon
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which refers to a delayed return phase of the patellar reflex. Walking becomes dis-
tinctly impaired in HD with disrupted rhythm superimposed by choreatic movements.
The walking is often described as if the patient was drunk and patients with HD are
often mistaken to be inebriated due to the walking and cognitive impairment and the
slurred speech which are components of the disease. Dysarthria worsens as disease
progresses and eventually patients become mute. In the middle stages of the disease,
involuntary vocalizations are often heard. Dysphagia is also a characteristic feature
of HD. Balance becomes increasingly impaired with disease progression and in clin-
ical stages 2 and 3, falls are a characteristic feature making the patients susceptible to
subdural haematomas. Cerebellar signs and tics are also sporadically encountered.
(Claus et al. 1987; Kremer 2002; Pechlivanis et al. 2006; Walker 2007; Riib et al.
2009; Roos 2010)

The cognitive phenotype. Cognitive impairment is a core and progressive feature in
manifest HD (table 5). Especially at the outset, it has a frontal and subcortical nature
and spans many related domains such as psychomotor speed, executive function, at-
tention, episodic memory, working memory, learning, and emotion and odor. Do-
mains relying less on subcortical circuitry, including semantic memory, language
comprehension as well as spatial awareness and orientation are relatively less af-
fected, at least in the initial stages of the disease. However, deficits in visuospatial
and -motor abilities suggest that far wider areas are affected including the posterior
occipital regions and the sensory-motor part of the striato-thalamo-cortical loop.

There is significant variability both at cross-sectional and longitudinal time points
indicating that there is an interplay between cognitive reserve and genetic and envi-
ronmental determinants of disease. It has been suggested that the diagnosis of HD-
related dementia should require impairment in at least two areas of cognition but not
necessarily memory impairment. It should be noted that even patients with severe
motor symptoms may retain comprehension and be able to make informed decisions
but find it difficult to communicate them. (Peavy et al. 2010; Novak & Tabrizi 2011;
Giralt et al. 2012; Papoutis et al. 2014)
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Table 5. Cognitive impairment in HD according to disease stage. (Peavy et al. 2010; Novak &
Tabrizi 2011; Giralt et al. 2012; Papoutis et al. 2014)

e Impaired multitasking

e More concrete and less efficient thinking

e Difficulties in planning, initiation and organization of time,
thoughts and activities.

e Alterations in associative learning, spatial short-term and

Early disease working memory, recall and recognition memory and

visuospatial perception

e Impairment of the perception of subject’s own body and its
relation to the surroundings leading to bumps, bruises and
falls

e Impaired executive function verbal fluency, perceptual
speed, reasoning and episodic and spatial memory.

Moderate disea
oderate disease e Long-term memory affected more than short-term memory.

e Fronto-subcortical dementia with alterations in several sim-
ple and complex cognitive functions:
e Slow information processing, decreased motivation, depres-
Advanced disease sion, apathy, personality changes, declarative memory dis-
ruption, impaired visuospatial and spatial working memory,
impaired object and spatial perception and recognition.

Anosognosia, unawareness of deficits in oneself, is a characteristic feature of HD.
This unawareness may encompass several symptom domains but it is often more
prominent in some individuals than others and may manifest variedly in different
stages of the disease. In general, anosognosia becomes more severe as the disease
progresses and seems to be associated with the cognitive deficit, possibly via execu-
tive functions. Cognition cannot, however, completely explain it and studies also
show evidence of psychological factors at play behind the phenomenon. For instance,
patients may deny experiencing chorea but be able to recognize having it when ob-
serving recordings of themselves or when the functional consequences of chorea are
pointed out. (Sitek et al. 2014)

The psychiatric phenotype. Although many studies have used behavioral symptoms
as a marker of disease onset, they are not included in the current consensus for deriv-
ing a diagnosis. (Kremer 2002; Loy and McCusker 2013; Ross et al. 2014a) Behav-
ioral onset is neither included in the recently proposed diagnostic criteria. (Reilmann
et al. 2014b) Psychiatric symptoms are, however, frequent in H77T mutation-carriers
(van Duijn et al. 2014) and many patients have psychiatric symptoms before motor
onset, mainly depression, anxiety and irritability (Berrios et al. 2002; Close Kirkwood
et al. 2002a; Duff et al. 2007; Julien et al. 2007; Epping et al. 2013). Psychosis is
uncommon in HD (Pflanz 1991; Berrios et al. 2002; van Duijn et al. 2014) but it has
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been suggested that it might be the initial manifestation of HD in some rare cases
(Warner et al. 1994; Nagel et al. 2014) and certain HD-families with a high preva-
lence of psychotic disorders have been reported (Lovestone et al. 1996; Tsuang et al.
1998; Corréa et al. 2006). If diagnosed with schizophrenia in the prodromal phase,
the resulting antipsychotic medication may mask the eventual motor symptoms in
these patients and the diagnosis of HD may be missed, especially when a family his-
tory of HD is absent. Psychogenic non-epileptic seizures (PNES) have been reported
in early adult-onset HD (Rodrigues & Wild 2016).

Psychiatric and behavioral signs and symptoms are common in HD. (Rosenblatt
2007; Thompson et al. 2012) Although the co-occurrence of cognitive and physical
signs hampers the application of formal psychiatric diagnoses, patients with mani-
fest HD are often observed to manifest depression, low self-esteem, feelings of guilt,
suicidal ideation, anxiety, irritability, aggressiveness, mania, apathy, perseveration
and obsessive-compulsiveness and even psychotic symptoms such as delusions, hal-
lucinations and paranoia may occasionally be evident. (Craufurd et al. 2001; Ros-
enblatt 2007) It was long held that neuropsychiatric signs and symptoms do not
progress along with disease severity but rather appear episodically. (Walker 2007)
However, recent research has shown that the neuropsychiatric findings in HD occur
in specific clusters of symptoms, identified by principal component analysis (table
6). (Craufurd et al. 2001; Kingma et al. 2008) Of these, the syndrome of apathy is
the most important because it affects virtually every patient with HD and progresses
over time along with disease stages. This suggests that apathy is intrinsic to the
evolution and progression of HD. (Thompson et al. 2002; Thompson et al. 2012;
Tabrizi et al. 2013; Martinez-Horta et al. 2016) Interestingly, whereas depression is
more frequent in women in the general population (Grigoriadis & Robinson 2007),
two large registry studies that used validated methods of assessment found no dif-
ference in the prevalence of depression between the genders in HD (van Duijn et al.
2014; Dale et al. 2016). One large registry study has found depression to be more
common among women also in HD, but no validated evaluation methods were re-
ported and depression data was available only for 66.9% of the study subjects.
(Zielonka et al. 2013) A fourth neuropsychiatric category in HD, namely psychosis
(including hallucinations and delusions) has also been suggested. (Orth et al. 2010;
Rickards et al. 2011)
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Table 6 Psychiatric symptom clusters in HD according to principal component analysis.
(Craufurd et al. 2001; Thompson et al. 2002; Paulsen et al. 2005a; Kingma et al. 2008; Reedeker et
al. 2012; Thompson et al. 2012; Tabrizi et al. 2013; Dale et al. 2016; Martinez-Horta et al. 2016)

Symptom Features Frequency  Progression
cluster

Reduced activity and energy, failure to com-
plete tasks, emotional blunting, poor self-care,
poor quality of work, lack of initiative and im-

paired judgement
Behavioral inflexibility, perseverative preoccu-

Apathy ad 100 % With disease

Irritability  pations, poor temper control, verbal outbursts 12-83% Only in early
. . disease
and physical aggression
Usually re-
Depression  Depressed mood, depressive cognition, anxiety ported to di-
PSR 31-71% .. .
and suicidal ideation minish late in
disease

It should be noted that the syndromes of irritability and depression are somewhat
amenable to treatment whereas no efficacious intervention is available for apathy.
This may at least partially explain the observed differences between the neuropsychi-
atric syndromes. Indeed, irritability has been found to be associated with the use of
benzodiazepines as well as the length of the CAG repeat and living with someone.
(Reedeker et al. 2012) Overall, the composite behavioral score deteriorates during a
3 years’ follow-up in patients in the early disease stages but not in patients with ad-
vanced disease. (Tabrizi et al. 2013)

Patients with HD are quite often mistaken to be inebriated, particularly when aggres-
sive, because of their symptoms including gait and balance dysfunction, restlessness
and slurred speech along with cognitive impairment. Alcoholism or any other form
of substance abuse, however, does not appear to be any more common than in the
general population. (King 1985; Pflanz et al. 1991) Previous reports have also sug-
gested that promiscuity and hypersexuality are common in HD. (Huntington 1872;
Dewhurst et al. 1970) More recent research, conducted using modern interviewing
tecniques and diagnostic criteria, has shown that although this occurs, it is rare. Sex-
ual dysfunction, however, is common in HD but usually presents with hyposexual
manifestations. (Fedoroff et al. 1994)

Suicidality was described as a core feature of HD already by George Huntington.
(Huntington 1872) Suicidality has been reported to be present in 20% of patients at
a given time and it is predicted by a depressed mood (Orth et al. 2010; Wetzel et al.
2011; Hubers et al. 2012). Periods of high risk of suicidal ideation have been identi-
fied as the period immediately preceding the time when the patient is informed of the
motor diagnosis as well as when entering middle stage of HD when disability begins
to mount. (Paulsen et al. 2005b) Completed suicide has been reported to be four to
eight times more common in HD than in general population and suicide has been
recorded as a cause of death in 5-13 % of HD patients. (Schoenfeld et al. 1984; Farrer
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1986; Sgrensen and Fenger 1992; Di Maio et al. 1993; Baliko et al. 2004). However,
proportions as low as only 0.6 % have been reported. (Lanska et al. 1988) Further-
more, 1.4 % of deceased HD patients in the Netherlands had died of suicide but an
additional 3.4 % proportion of patients died after euthanasia. (Heemskerk and Roos
2012).

2.4.4 Non-classical signs and symptoms in Huntington’s disease

The clinical phenotype of HD comprises also other features in addition to the classical
triad of motor, cognitive and psychiatric symptoms. Despite higher caloric intake in
premanifest individuals compared to controls, patients with HD have usually lost
weight already before the disease has been diagnosed. Although much speculated
upon, only one study has detected an increase in resting metabolic rate of HD patients.
Reports concerning total energy expenditure are also conflicting but it seems that the
weight loss is not entirely accounted for by hyperkinesia. (Pratley et al. 2000; Djoussé
et al. 2002; Mahant et al. 2003; Hamilton et al. 2004; Gaba et al. 2005; Aziz et al.
2008; Marder et al. 2009; Aziz et al. 2010a; Dorsey et al. 2013; Gil Polo et al. 2015;
Lazar et al. 2015) Both a slight increase and a decrease in weight during the first years
of the disease have been reported (Hamilton et al. 2004; Aziz et al. 2008; Dorsey et
al. 2013) and the reported gain is smaller than average in the general population
(Hamilton et al. 2004). In later stages of disease, the body weight fluctuates (Hamil-
ton et al. 2004). However, some large longitudinal studies have found no change in
weight or body mass index (BMI) over several years of follow-up. (Mahant et al.
2003; Dorsey et al. 2013) Aberrant functioning of the hypothalamic-pituitary-adrenal
—system has been reported in HD; this has been associated with the weight decline
and its resistance to treatment as well as the neuropsychiatric symptoms of HD. How-
ever, the findings have been inconsistent. (Aziz et al. 2009b; Saleh et al. 2009; van
Duijn et al. 2010; Petersén and Gabery 2012; Shirbin et al. 2013; Kalliolia et al. 2015;
Lazar et al. 2015)

Hypothalamic dysfunction is also implicated in another aspect of HD, namely impaired
sleep. (Petersén and Gabery 2012) Objectively measured sleep quality has been re-
ported to be impaired already in premanifest gene carriers. (Lazar et al. 2015) In most
studies, patients with HD report impaired nocturnal sleep although it is not always as-
sociated with daytime fatigue. (Videnovic et al. 2008; Aziz et al. 2010d; Morton 2013)
An asymptomatic sleep disturbance associated with impaired sleep architecture and
increased sleep fragmentation has also been reported. (Goodman et al. 2011). The sleep
disturbance has been correlated with the extent of depression. (Videnovic et al. 2008;
Aziz et al. 2010d) All recent large polysomnographic studies have reported marked
disruption of sleep but no common pattern has been identified with insomnia, advanced
sleep phase, longer total sleep period, sleep disordered breathing, periodic leg move-
ments, rapid eye movement (REM) sleep onset latency, REM sleep behavior disorders,
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reduced REM sleep all having been reported to be either present or absent. (Arnulf et
al. 2008; Neutel et al. 2015; Piano et al. 2015) It has been suggested that nocturnal
agitation in HD patients may be related to voluntary movements on arousals not iden-
tified by the patient. (Neutel et al. 2015) These could be triggered by frequent periodic
limb movements in both the upper and lower limbs (Piano et al. 2015). Sleep measures
were worse in patients with more advanced disease in two of the three recent poly-
somnographic studies (Arnulf et al. 2008; Neutel et al. 2015) but not in the largest trial
in which sleep measures were associated only with subjective sleep evaluation but not
in results of polysomnographic assessment (Piano et al. 2015). On the other hand, one
study found an association between sleep measures and CAG repeat length (Arnulf et
al. 2008) but this could not be confirmed in the two most recent trials (Neutel et al.
2015; Piano et al. 2015). Most studies on the subject have identified at least some ab-
errant sleep measures (Morton 2013). It has been suggested that sleep impairment may
be at least a partial underlying cause of many of the cognitive and behavioral manifes-
tations in HD. (Goodman and Barker 2010; Morton 2013)

Endocrinological changes in HD also involve glucose and lipid metabolism. Both
normal and impairments in glucose tolerance, insulin secretion and insulin sensitivity
have been reported (Davidson et al. 1974; Podolsky and Leopold 1977; Lali¢ et al.
2008) and a survey conducted before identification of H7T found the prevalence of
diabetes mellitus to be 10.5% among patients with HD (Farrer 1985). However, re-
cent studies have revealed no difference in oral glucose tolerance test results between
HD patients and controls (Boesgaard et al. 2009; Nambron et al. 2016) and no differ-
ence in plasma fasting glucose levels, insulin sensitivity or insulin secretion, although
patients with HD manifested flat glucose curves and delayed insulin peaks after an
oral glucose challenge (Aziz et al. 2010a; Russo et al. 2013). Furthermore, an insu-
linoma-cell line showed insulin release from pancreatic B-cells to be dependent on
the CAG repeat length with no impairment in the range usually observed in adult-
onset HD. (Boesgaard et al. 2009) Cholesterol and fatty acid metabolism have been
found to be altered in the whole body (Block et al. 2010; Karasinska and Hayden
2011) with decreased levels of total cholesterol in both pre-symptomatic subjects and
patients with manifest HD (Markianos et al. 2008). However, also completely normal
blood lipid levels have been reported. (Nambron et al. 2016) The plasma level of 24S-
hydroxycholesterol, a marker of brain cholesterol metabolism, has been shown to be
reduced in patients with manifest HD but normal in premanifest subjects. (Leoni et
al. 2008; Leoni et al. 2011) Cellular cholesterol accumulation has been observed in
affected neurons (Karasinska and Hayden 2011) but it is unknown if this happens
also in other cells of the body.

Cardiac abnormalities have been documented in animal models of HD and cardiac
diseases are an important cause of death in human patients. However, there is a pau-
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city of clinical data demonstrating cardiac symptomatology or findings in living hu-
man patients with manifest HD. This discrepancy may be explained by the fact that
dysautonomia is a well-documented feature in HD and its propensity to evoke ar-
rhythmias and ventricular dysfunction mediated may be difficult to recognize in pa-
tients with manifest HD. (Rinaldi et al. 2012; Abildtrup and Shattock 2013; Zielonka
et al. 2014) The most prevalent features related to autonomic dysfunction reported in
HD are swallowing difficulties, erection and ejaculation problems, dysphagia, sialor-
rhea, early abdominal fullness, straining for defecation, fecal and urinary inconti-
nence, urgency, incomplete bladder emptying, and light-headedness whilst standing.
(Kobal et al. 2004; Aziz et al. 2010c¢).

2.4.5 Juvenile and late-onset forms of Huntington’s disease

Juvenile HD. The diagnosis of JHD may also be delayed, not only because of in-
complete family history, but also as a result of an atypical clinical picture due to the
variability of the phenotype. (Geevasinga et al. 2006; Ribai et al. 2007; Chuo et al.
2012) For instance, the presentation may resemble progressive myoclonic epilepsy.
(Gambardella et al. 2001) A diagnostic delay in JHD has also been associated with
an earlier age of disease onset. (Gonzales-Allegre and Afifi 2006) The clinical
presentation of JHD, defined as disease onset before 21 years of age and comprising
5-10 % of HD cases, differs markedly from that of the adult-onset disease. (Quarrel
et al. 2012; Quarrell et al. 2013) The majority of patients with JHD have 60 or more
CAG repeats in the affected H7T allele, but even as many as 46-54 % have been
reported to have fewer than 60 CAG repeats. (Ribai et al. 2007; Cloud et al. 2012;
Koutsis et al. 2013) Indeed, a case of JHD onset at the age of 8 years with only 41
repeats has been reported. (Ruocco et al. 2006) The affected allele is usually inher-
ited from the father, but maternal transmissions have been reported in 20-33% of
cases (Siesling et al. 1997; Cannella et al. 2004; Gonzales-Allegre and Afifi 2006;
Ribai et al. 2007).

Cognitive and behavioral problems are the primary manifestations at disease onset in
JHD (Gonzales-Allegre and Afifi 2006; Ribai et al. 2007) with delayed developmen-
tal milestones, deteriorating school performance or psychosis often described as the
first signs of JHD (Quarrell et al. 2013). In JHD, the cognitive and behavioral symp-
toms are also more burdensome than the motor symptoms and deteriorate throughout
the disease course. Problems with speech and language often develop early in the
disease. (Quarrell et al. 2013) The initial motor signs are usually not specific to HD
and include cortical myoclonus and myoclonic tremor, chorea, oropharyngeal dys-
function, gait disorders, falls, shoulder twitching and fine motor problems such as
difficulties in writing. (Gonzales-Allegre and Afifi 2006; Ribai et al. 2007; Rossi Se-
bastiano et al. 2012) Most JHD patients develop chorea during the course of the dis-
ease, but bradykinesia, rigidity and dystonia are more often the predominant motor
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features. (Quarrell et al. 2013) The earlier the onset of JHD, the more often rigidity
seems to be the predominant feature (Siesling et al. 1997; Rasmussen et al. 2000), but
evidence to the contrary has also been presented (Gonzales-Allegre and Afifi 20006).
Saccadic eye movement disturbances are similar to those evident in adult-onset dis-
ease. (Grabska et al. 2014)

Epileptic seizures are a well-defined feature of the JHD presentation. In the literature
antedating the discovery of HTT, 90% of patients with age of HD onset before 5 years
were reported to have suffered seizures. The proportion decreased to 52% among
patients with age of onset between 11 and 20 years. (Brackenridge 1980) More re-
cently, it has been reported that 38 % of patients with JHD experience seizures.
(Cloud et al. 2012) The seizures are mostly of the generalized tonic-clonic (GTCS)
type followed by tonic, myoclonic and staring spells. (Rasmussen et al. 2000; Gon-
zalez-Alegre and Afifi 2006; Cloud et al. 2012) The age of JHD onset is inversely
correlated with the risk of seizures (Rasmussen et al. 2000; Cloud et al. 2012) and
patients with predominant rigidity have an increased risk of seizures when compared
to patients in whom chorea is predominant (Siesling et al. 1997). Seizures and epi-
lepsy may also be the initial symptom of JHD. (Gambardella et al. 2001; Gonzalez-
Alegre and Afifi 2006; Chuo et al. 2012) Additional signs and symptoms reported in
JHD include upper motor neuron signs, incontinence, microcephaly, sleep disorder,
carelessness, irritability, aggression, anorexia, drug addiction, suicide attempts and
social withdrawal. (Gonzalez-Alegre and Afifi 2006; Ribai et al. 2007) It has been
suggested that clinical diagnostic criteria for JHD with onset before 10 years of age
should include a family history of HD and two of the following signs: declining
school performance, seizures, oral motor dysfunction, rigidity, gait disturbance.
(Nance 1997) Because predictive testing is not recommended in persons under 18
years of age, these clinical criteria should be followed when considering testing mi-
nors for the H7T mutation. The most important criterion is the family history. (Kout-
sis et al. 2013),

Late-onset HD. Late-onset Huntington’s disease (LOHD) has been studied less than
JHD. LOHD was formerly considered as HD with age of onset below 50 years (Myers
etal. 1985; Kremer et al. 1993) but recent research has adopted 60 years as the thresh-
old (James et al. 1994; Lipe and Bird 2009; Koutsis et al. 2014; Cornejo-Olivas et al.
2015). The proportion LOHD patients out of all clinical HD cases has increased from
the early reports of 4.7% (James et al. 1994) to 9.4-21.0 % after the introduction of
genetic testing for HD into clinical practice (Morrison et al. 1995; Almqvist et al.
2001; Ramos-Arroyo et al. 2005; Koutsis et al. 2014, Cornejo-Olivas et al. 2015),
clearly surpassing the 5% proportion attributed to JHD (Quarrel et al. 2012). Patients
with LOHD usually have a low number of CAG repeats with mean ranging from 39
to 43 in different studies. However, repeat lengths of up to 48 have been observed in
LOHD. (Cornejo-Olivas et al. 2015) The correlation between repeat length and age
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of onset has been reported to be weaker in LOHD patients compared to patients with
mid-age onset disease (Almqvist et al. 2001; Lipe and Bird 2009; Koutsis et al. 2014)
or even absent in LOHD (Kremer et al. 1993). Recent studies have found a family
history of HD to be negative or missing in a wide range i.e. 29-72 %, of LOHD pa-
tients. (Ramos-Arroyo et al. 2005; Lipe and Bird 2009; Koutsis et al. 2014; Cornejo-
Olivas et al. 2015)

The phenotype of LOHD has been reported to consist primarily of motor and cog-
nitive symptoms with motor symptoms being the first signs of LOHD in the vast
majority of patients. (James et al. 1994; Lipe and Bird 2009; Koutsis et al. 2014;
Cornejo-Olivas et al. 2015) Reports vary on the frequency of psychiatric disturb-
ance but agree in that they are usually not a marked feature of the phenotype. (James
et al. 1994; Lipe and Bird 2009; Koutsis et al. 2014; Cornejo-Olivas et al. 2015)
Gait unsteadiness at presentation has been reported to be more frequent in LOHD
than in mid-age onset HD. (Koutsis et al. 2014) Interestingly, Alzheimer’s disease
pathology has been reported in many autopsied LOHD cases (Lipe and Bird 2009)
and HD patients with dementia (Davis et al. 2014). Indeed, LOHD patients often
die of diseases related to old age (Lipe and Bird 2009) suggesting a considerable
role for ageing and comorbidities in the phenomenology of LOHD. This may partly
explain why LOHD patients reach the severe disease stage 2.8 years earlier com-
pared to mid-age onset patients (Koutsis et al. 2014). Interestingly, LOHD has also
been reported to manifest as a levodopa-responsive parkinsonism and cardiovascu-
lar dysautonomia resembling multiple system atrophy (MSA). (Trosch and LeWitt
1996; Reuter et al. 2000)

2.4.6 Disease course in Huntington’s disease

Manifest HD can be divided into five stages defined by functional capacity according
to the Shoulson & Fahn rating scale (table 7, Shoulson & Fahn 1979). These stages
advance from the completely normal functional status in stage 1 to the severely im-
paired institutionalized patient of stage 5. A simplified rating scale includes three
stages with stage 1 representing the early stage when chorea is the most prominent
(motor) symptom. In this stage, independence in activities of daily living is only
rarely compromised and death is uncommon, although the risk of suicide should be
noted even in this stage. In stage 2, the motor disturbance is more generalized and
physical dependence begins. The family will start to experience a physical burden in
addition to the psychological stress and death due to causes other than but possibly
related with HD, including suicide and euthanasia, may occur. In clinical stage 3,
there is severe generalized motor disturbance and almost complete or complete phys-
ical dependence. The family burden is mainly physical. Eventually death due to HD
or a related cause ensues. (Roos 2010) Despite concentrated efforts, there are no bi-
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omarkers available with which to monitor HD progression in the clinical setting. (Ta-
brizi et al. 2013; Collins et al. 2014; Ross et al. 2014a; Kuan et al. 2015; Pagano et
al. 2016; Byrne & Wild 2016; Rodrigues et al. 2016)

Table 7 The Shoulson & Fahn clinical staging of HD (http://web.stanford.edu/group/hopes/cgi-
bin/hopes_test/assessment-standards-for-huntingtons-disease-severity/)

Engagement  Capacity to Capacity to Capacity to Care can
in handle manage domestic perform be
occupation financial responsibilities activities of provided at
affairs daily living
Stage 1 Usual level Full Full Full Home
Stage 2 Lower level Requires Full Full Home
slight assis-
tance
Stage 3 Marginal Requires ma- Impaired Mildly impaired Home
jor assistance
Stage 4 Unable Unable Unable Moderately im- Home or
paired extended
care facility
Stage 5 Unable Unable Unable Severely im- Total care
paired facility only

In modern systems of care, extended care facility corresponds to chronic care and total care facility
corresponds to care with full time skilled nursing.

Disease duration. The mean disease duration from symptom onset to death in HD is
17-20 years, (Roos 2010) but patients surviving more than 40 years since chorea onset
have been reported. (Roos et al. 1993). The following variables exert no influence on
disease duration: CAG repeat length of mutant or wild type H77, chromosome 4 hap-
lotype, homozygosity for the HTT mutation. However, similarly to its effect on age
of onset, and even more so, the mutant H77T allele repeat length determines age at
death. It has therefore been suggested that once HD has become manifest, the disease
progression may be unrelated to CAG-driven pathology. Alternatively, tissues may
differ in their vulnerability to the mutation-driven pathology. (Keum et al. 2016) In-
deed, it has been shown that clinical severity and striatal neuropathology verified at
autopsy do not always correlate with one another. (Pillai et al. 2012) This has im-
portant implications for developing and testing therapies for HD. Nevertheless, it
should be noted that a previous study reported that patients with homozygosity for
the HD mutation had a more severe clinical course with a more rapid disease progres-
sion and possibly a slightly different motor presentation compared to heterozygotes.
(Squitieri et al. 2003)

Rate of progression. Although it has been reported that longer CAG repeat lengths
correlate with faster clinical progression. (Marder et al. 2002; Ravina et al. 2008;
Rosenblatt et al. 2012), this effect is small and not evident in all domains. (Tabrizi et
al. 2013) Moreover, despite the correlation between CAG repeat length and age of
disease onset, it has been shown that ageing also has an independent effect on the
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disease process regardless of the repeat length. (Ravina et al. 2008; Rosenblatt et al.
2012) Reports on the effect of age at disease onset on survival are conflicting. (Roos
et al. 1993; Foroud et al. 1999; Marder et al. 2000; Marder et al. 2002; Pekmezovic
et al. 2007; Rinaldi et al. 2012; Keum et al. 2016) Considering the effect of gender
on survival in HD, most studies on the subject report longer disease duration or sur-
vival for women (Roos et al. 1993; Foroud et al. 1999; Pekmezovic et al. 2007; Keum
et al. 2016) whereas one study from Southern Italy found no difference between gen-
ders (Rinaldi et al. 2012). Interestingly, women have been reported to display a
slightly more severe phenotype and a faster rate of progression (Zielonka et al. 2013)
but this proposal has not been confirmed in all studies (Marder et al. 2000). Slow
progression has also been associated with higher age and heavier weight at presenta-
tion (Myers et al. 1991) but, again these findings are not consistent across studies
(Marder et al. 2000). Younger age at onset has been associated not only with faster
progression but also more dystonia and less chorea. (Mahant et al. 2003) Smoking
does not seem to influence disease progression. (Myers et al. 1991; Zielonka et al.
2013)

Symptoms and signs progress in a monotonic fashion once the disease has become
manifest. (Meyer et al. 2012; Dorsey et al. 2013) However, there are differences in
the rate of progression between different signs and symptoms with chorea items,
finger tapping and pronation/supination, gait, tongue protrusion, tandem walking,
dysarthria and bradykinesia showing the steepest decline and dystonia items, rigid-
ity, Luria’s three-step test and retropulsion displaying a slower progression. (Meyer
et al. 2012) Similarly, attention, executive function and immediate memory reveal
a clear progression in early HD while general cognition, semantic memory, and de-
layed recall memory hardly change. (Ho et al. 2003) In comparison to the changes
occurring in motor status, the deterioration of cognitive status is slower in early HD.
(Meyer et al. 2012) It should be noted, however, that measuring cognitive change
longitudinally in HD is challenging and that the within-group variability is large.
(Papoutsi et al. 2014) Psychiatric symptoms, on the other hand, do not show pro-
gression in longitudinal studies, but fluctuation is often evident. (Ravina et al. 2012;
Meyer et al. 2012; Tabrizi et al. 2013; Dorsey et al. 2013) Clearly, more longitudinal
high quality data on disease progression over long observation periods are war-
ranted.

Decline of function. Functional deterioration is evident already from early stage of
HD with the ability to engage in any kind of employment showing the clearest de-
cline. The abilities to do housework, manage finances and drive safely also deterio-
rate early in the course of the disease. The functional deterioration shows little inter-
individual variability in early HD. (Beglinger et al. 2010; Ravina etal. 2012; Meyer
et al. 2012; Tabrizi et al. 2013) Patients with early to moderate HD tend to display a
poor ability to estimate their own capacity to manage their finances when compared
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to their performance in tests situations. (Sheppard et al. 2016) It should, however, be
noted that formal testing leaves little room for taking account of compensational strat-
egies that patients may employ in everyday situations.

The functional decline correlates with progression of motor and cognitive HD mani-
festations. The so-called negative motor phenomena, for instance bradykinesia, cor-
relate better with disability compared to the positive motor phenomena, such as cho-
rea and dystonia. (Mahant et al. 2003; Beglinger et al. 2010; Peavy et al. 2010; Ross
et al. 2014b; Sheppard et al. 2016) Correspondingly, patients with the hypokinetic-
rigid motor subtype of HD have been shown to fare worse in all tested cognitive and
functional domains when compared to patients with a choreatic motor subtype. It
should be noted that the hypokinetic-rigid patients in this study also had a younger
age of disease onset and a longer disease duration compared to those with a predom-
inantly choreatic motor subtype. (Hart et al. 2013) Similarly, the predominantly
hypokinetic-rigid patients of another study were younger and also displayed a higher
disease burden and longer disease duration than the predominantly choreatic patients.
Furthermore, in this six-year follow-up, the symptoms of the choreatic group ad-
vanced significantly whereas there was only mild progression in the hypokinetic-rigid
group. (Jacobs et al. 2016)

The group-level difference between functional capabilities and motor subtype may
be therefore a result of merely more advanced disease in the predominantly hypoki-
netic-rigid group. Indeed, it has been well established that in the late stage of HD,
the motor phenotype tends to turn into a pattern dominated by negative motor phe-
nomenology and the chorea scores decline. (Mahant et al. 2003; Hart et al. 2013;
Dorsey et al. 2013) In the late stages of HD, the motor impairment should be esti-
mated by measuring gait, transfer capacity, dysarthria, risk of falls, deglutition, dys-
phagia, capacity of feeding, toileting, clothing, and other motor signs such as cere-
bellar or pyramidal impairment, presence of synkinesia or tendon retractions. Cog-
nitive appraisal of a late stage HD patient should include pointing tasks, simple
commands, temporal orientation questions, praxis evaluations, automatic series and
rating of participation in daily activities. Finally, matters such as digestion, conti-
nence for feces and urine, pressure ulcers, hyperhidrosis, hypersalivation, and hy-
persomnia should be taken into account when assessing a patient with the late stages
of HD. (Youssov et al. 2013) Naturally, the burden and needs of the caregiver
should be assessed in all stages.

Quality of life. Motor status, cognitive function, psychiatric symptoms and functional
status have all been found to exert an impact on quality of life in HD. Across studies,
the most consistent effect has been associated with functional status. (Helder et al.
2001; Ready et al. 2008; Ho et al. 2009) Patients with HD are at an increased risk of
being in collisions and accidents when operating a motor vehicle. It appears that this
risk is due to cognitive impairment with little if any contribution from motor status.
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However, identifying patients who should not drive may be challenging. (Ross et al.
2014b) Institutionalization is predicted by motor factors such as bradykinesia, gait
impairment and impaired tandem walking, cognitive status, functional status meas-
ured by the patient’s ability to perform activities of daily living (ADL) as well as the
CAG repeat length. Psychiatric status and behavioral symptoms, on the other hand,
do not predict nursing home placement. Furthermore, the only clinical predictor of
institutionalization that is independent of all other variables is ADL. (Wheelock et al.
2003; Rosenblatt et al. 2011) It should be noted that neither of these two studies on
the subject of institutionalization have had data on caregiver stress/burden at their
disposal. Late in the course of the disease, patients may have to be admitted to a
hospital, usually because of pneumonia, psychiatric disturbance, debilitation
(hypovolemia, nutritional deficiencies, decubitus ulcers), trauma and nonpulmonary
infections. From the hospital, patients with HD are usually discharged to a long-term
care facility whether or not they had previously been confined to that institution. (Du-
binsky 2005)

Causes of death. In those patients for whom a specific cause of death other than HD
has been recorded, it is most frequently pneumonia followed by cardiovascular
causes, aspiration and asphyxia, falls and their consequences, cachexia and suicide.
(Lanska et al. 1988; Sgrensen and Fenger 1992; Rinaldi et al. 2012) In the Nether-
lands, with an HD population of approximately 1700 patients and 5000-8000 persons
at risk of HD, six to 10 euthanasia requests based on HD are granted each year. (Booij
et al. 2013)

2.4.7 Treatment options in Huntington’s disease

No disease-modifying therapy is available for HD, but there are several intriguing
lines of investigation and new putative avenues are being explored. The most prom-
ising approach at the moment is genetic silencing of H77T and huntingtin lowering
using either RNA interference, antisense oligonucleotides (ASOs) or zing finger pro-
teins. Indeed, a phase 1 clinical study of intrathecally administered IONIS 443139,
an antisense oligonucleotide compound, is currently recruiting participants. Studies
on antiaggregation strategies and stem cell therapy (also in phase 1) as well as many
other potential curative therapies are also underway. Furthermore, trials of sympto-
matic treatments such as deep brain stimulation (DBS) and a comparison of neuro-
leptics are being conducted. (Mestre et al. 2009a; Schapira et al. 2014; Wild & Tabrizi
2014; Zielonka et al. 2015; Wild 2016; www.Clinicaltrials.gov)

Drug treatment. There is only one evidence based symptomatic intervention, namely
tetrabenazine for chorea, and its use is complicated by the possibility of adverse psy-
chiatric effects, including insomnia, depressed mood, suicidal ideation and suicide,
as well as parkinsonism and akathisia. (Huntington Study Group 2006; Mestre et al.
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2009b) Furthermore, tetrabenazine may interfere with the metabolism of other drugs,
for instance selective serotonin reuptake inhibitors (SSRIs).

A recent evidence-based guideline also advocated the use of amantadine, riluzole or,
for short-term treatment and nabilone for chorea. (Armstrong and Miyasaki 2012)
These recommendations have been criticized because of the low quality of the evi-
dence on which they were based and for having disregarded the side effects and lim-
itations of the treatments (Reilmann 2013; Killoran and Biglan 2014; Zielonka et al.
2015). Overall, there is no consensus about which drug should be the first choice in
treating the chorea in HD. (Burgunder et al. 2011; Jankovic and Roos 2014) Although
there is little evidence concerning the efficacy of antipsychotics for treating chorea
(Armstrong and Miyasaki 2012), expert opinion favors either tetrabenazine or neuro-
leptics according to a treatment algorithm in which the psychiatric status of the patient
is first evaluated (Zielonka et al. 2015). Considering the potential adverse efects of
antipsychotics (parkinsonism, balance impairment, akathisia, neuroleptic malignant
syndrome, acute dystonic reactions, tardive dyskinesia, blunting of affect and apathy)
their use in patients HD should be carefully evaluated. Indeed, it should always be
individually considered whether the patient’s chorea needs to be treated and if so,
would non-pharmacologic interventions such as reassurance and reduction of stress
suffice. This is compounded by the fact that it is far from certain that a reduction in
chorea will lead to better overall motor performance or improved function. (Arm-
strong and Miyasaki 2012; Jankovic and Roos 2014; Zielonka et al. 2015) Parkinson-
ism associated with HD can be treated with conventional dopaminergic medication.
(Reuter et al. 2000; Phillips et al. 2008)

Interestingly, antidopaminergic medication has been associated with more advanced
and rapidly progressing HD. (Tedroff et al. 2015) However, in the large, prospective
and longitudinal TRACK-HD study, patients treated with neuroleptics had better
motor performance, poorer cognitive performance, and better affect after adjusting
for prior clinical performance, prior medication use and concomitant use of other
medications. Without these adjustments, medication use was typically associated
with worse outcomes, even when adjustments had been made for demographic fac-
tors and disease severity. This was deemed to reflect the fact that sicker patients are
more often medicated. (Keogh et al. 2016) It is, however, noteworthy that expert
opinion also suggests administering drug treatment that does not involve the dopa-
minergic system for alleviating the movement disorder in HD (table 8).



Review of literature 63

Table 8 Symptomatic management of movement disorder in Huntington’s disease. Modified
from BMJ, Novak MJU & Tabrizi SJ, BMJ 2010;340:¢3109, copyright 2010 with permission from
BMJ Publishing Group Ltd.

Symptom Drugs
Chorea Olanzapine, Risperidone, Quetiapine, Sulpiride,
Tiapride, Haloperidol, Tetrabenazine
Myoclonus, chorea, dystonia, rigidity, Clonazepam
spasticity
Myoclonus Sodium valproate
Levetiracetam
Rigidity (particularly associated with ju- Levodopa

venile Huntington’s disease or young

adult onset parkinsonian phenotype)

Rigidity, spasticity Baclofen, tizanidine
Bruxism, dystonia Botulinum toxin

The evidence-base for treating psychiatric symptoms of HD is not much better than
that for chorea. (Killoran and Biglan 2014) Irritability and obsessive-compulsive
behaviors associated with HD are best relieved by SSRIs. These may also be helpful
in treating irritability, depressive symptoms and anxiety (table 9). Behavioral as
well as psychotic symptoms may also be treated with neuroleptics when needed.
(Phillips et al. 2008; Anderson et al. 2011; Groves et al. 2011; Videnovic 2013;
Zielonka et al. 2015) In TRACK-HD, patients taking SSRIs or closely related med-
ications had less apathy, less affect and better total behaviour scores. (Keogh et al.
2016) Pharmacological treatment of sleep impairment in HD is empirical at the mo-
ment. Medications that change sleep architecture for instance, by decreasing deep
sleep or REM sleep, should be avoided if possible. (Morton 2013) Melatonin, how-
ever, seems promising. (van Wamelen et al. 2015) Anecdotal evidence exists on the
effect of lithium on depressed mood, suicidal ideation and hopelessness (Raja et al.
2013; Serafini et al. 2016). At the moment, no realistic pharmacologic treatment
option exists for the cognitive deterioration encountered in HD. (Phillips et al. 2008;
Videnovic 2013)

Table 9 Symptomatic management of psychiatric symptoms in Huntington’s disease. Modified
from BMJ, Novak MJU & Tabrizi SJ, BMJ 2010;340:¢3109, copyright 2010 with per-mission from
BM]J Publishing Group Ltd.

Symptom Drug

Psychosis Olanzapine, risperidone, quetiapine

Treatment resistant psychosis Clozapine

Psychosis with prominent negative symptoms Aripiprazole

Depression, anxiety, obsessive-compulsive symp- Citalopram, Fluoxetine, Paroxetine,

toms, irritability, aggression Sertraline, Mirtazapine, Venlafaxine

Irritability, aggression Olanzapine, risperidone, quetiapine

Altered sleep-wake cycle Zopiclone, zolpidem

Mood stabilisers Sodium valproate
Lamotrigine

Carbamazepine




64 Review of literature

Non-medical therapy. HD should also be managed in a non-pharmacological manner
(table 10).

Table 10 Non-drug based management of Huntington’s disease. Reproduced from BMJ, Novak
MJU & Tabrizi SJ, BMJ 2010;340:c3109, copyright 2010 with permission from BMJ Publishing
Group Ltd.

Feature of Examples of management measures
disease

Gait disturb-  Physiotherapy to optimise and strengthen gait and balance, and to assess need

ance and cho-  for walking aids; occupational therapy assessment to modify home environment

rea and improve safety; weighted wrist bands to combat limb chorea

Cognitive Ensure every day has a structure to overcome apathy and difficulty in initiating

symptoms activities (occupational therapy can be useful in this respect); maintain routines
to reduce need for flexibility

Social prob- Carers to help at home, residential or nursing home care, day centres to main-

lems tain social interactions

Communica-  Speech and language therapy to optimise speech and later in disease to assess

tion for communication aids; ensure patient has time to comprehend and respond to
speech, and that information is presented simply

Nutrition Speech and language therapy to advise on safest food consistencies at different

stages of disease, and, in later disease, to advise on the need to consider enteral
nutrition; dietitian to optimise nutritional intake, especially adequate energy in-
take; minimise distractions to optimise swallowing safety
Psychological Develop strategies to deal with cognitive and emotional challenges of disease
problems using counselling or cognitive behavioural therapy

Physical therapy has been claimed to exhibit disease-modifying effects in HD but
there is rather a limited amount of research data on its efficacy. This may be related
to a lack of suitable outcome measures for clinical studies. The few studies that are
available suggest that physical therapy can be beneficial by improving motor perfor-
mance. (Bilney et al. 2003; Bohlen et al. 2013) Beyond asking whether a patient
needs a walking aid or has already experienced falls, it is challenging for the treating
physician to recognize those HD patients who have an increased falling risk. Patient
age, gender or the UHDRS motor score are not associated with the risk of falling.
However, common physiotherapeutic tests such as the Berg Balance Scale and the
Rivermead Mobility Index may recognize these patients and the risk of falling can be
reduced by the use of assistive devices. (Busse et al. 2009; Kloos et al. 2012; Williams
et al. 2014) Unfortunately, the practical execution of physical therapy programmes
for patients with HD is wrought with challenges (Quinn et al. 2010) and patients are
not always referred to physical therapy as a part of routine care (Shakespeare and
Anderson 1993; Busse et al. 2008). Clinical physiotherapy guidelines for HD by the
European Huntington’s Disease Network Physiotherapy Working Group have re-
cently been published. (Quinn and Busse 2012)

Similarly to physical therapy, very little is known about the effects of speech and
occupational therapy on HD. (Bilney et al. 2003) Further research on rehabilitation
in HD is clearly needed, not least because pilot studies of intensive multidisciplinary
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rehabilitation for early or mid-stage HD have been promising, with even reports of
increased gray matter volumes and better cognitive results after nine months as well
as no motor decline over two years. (Zinzi et al. 2007; Thompson et al. 2013; Piira et
al. 2014; Cruickshank et al. 2015) In fact, some expert opinion favors adopting a
team-based multidisciplinary approach in treating HD. (Zielonka et al. 2015) In some
patients with early disease, behavioral therapies have also been utilized in treating the
psychiatric disturbances in HD. (Anderson et al. 2011)

Although preliminary data suggests that physical activity is of benefit to individuals
in the prodromal and early phase of HD (Wallace et al. 2016), the evidence at the
moment is insufficient to issue any general lifestyle recommendations in HD care
(Mo et al. 2015). Management of sleep impairment by standard non-medical
measures such as sleep-hygiene is recommended. (Morton 2013) Bright light therapy
also appears promising. (van Wamelen et al. 2015) Patients with HD are not anorexic
and adequate food intake may attenuate or even prevent weight loss. (Gil Polo et al.
2015) In HD cases with refractory depressive and/or psychotic symptoms, electro-
convulsive therapy has been reported to be safe and effective but associated with side-
effects including delirium and worsening of motor symptoms. (Ranen et al. 1994;
Cusin et al. 2013)

Recommendations for managing JHD have been published separately. (Quarrell et al.
2013)

Application of a gastrostomy tube may be considered for patients with such severe
swallowing difficulties that it compromises their nutrition. Discussions concerning
end-of-life care should be commenced early, not only because the matters in question
need to be reflected upon, which takes time, but also because the discussions may
alleviate fear and anxiety. (Booij et al. 2013) Furthermore, the cognitive decline in-
herent in HD may eventually make it impossible for the patient to decide upon this
matter in the more advanced stages of the disease.
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3 AIMS OF THE STUDY

After the introduction of genetic testing for HD, the clinical experience in Finland
has indicated that the frequency of HD diagnoses has increased. Calculations based
on the cohort of patients treated for HD in the neurology clinic of Turku University
Hospital (TYKS) have suggested an HD prevalence of 4-8/100,000 in Finland
(Paivirinta M, personal communication). Interestingly, the HTT repeat lengths of the
patients in the TYKS cohort have appeared to be quite short. Considering the inverse
correlation between the CAG repeat length and age at onset, it appears possible that
a considerable proportion of Finnish HD patients manifest with a late onset. This may
have led to a diagnostic delay. These factors may have been influenced by the earlier
results of HD epidemiology that claimed that the disease was extremely rare in Fin-
land. Furthermore, the shortness of the CAG expansions in Finnish HD patients sug-
gests that in the Finnish population, there may be a trait that restricts the expansion
of the mutated tract. Finally, the epidemiology of clinically relevant and possibly
pathologically informative neurological comorbidities in patients with HD is poorly
known. Vascular risk factors, pathology and disease have been implicated in HD, but
no clinical data on the epidemiology of stroke in these patients is available. Seizures
are common in JHD, but their incidence in adult-onset patients has not been reported
after the introduction of genetic testing for HD. Balance impairment and brain atro-
phy, both major risk factors for SDH, are inherent in HD but the data about the epi-
demiology and risk factors of SDH in patients with HD is scarce. Considering these
questions, our research objectives were as follows.

1) To identify a Finnish national cohort of patients with Huntington’s disease by
searching several databases and reviewing patient charts; this data was used to
estimate the prevalence of HD in Finland.

2)  To determine the proportion and clinical characteristics of patients with LOHD
in Finland.

3)  To evaluate the epidemiology, risk factors and treatment of neurological
comorbidities in Finnish patients with HD.

4)  To describe the general characteristics of the CAG repeat expansion and its
intergenerational instability in the Finnish HD population as well as the distri-
bution of chromosome 4 haplogroups in the general Finnish population.
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4  MATERIALS AND METHODS

4.1 Setting

Finland is a country with a relatively large land area of over 300,000 square kilome-
ters of which nearly two thirds are forests interspersed with numerous lakes. Dis-
tances between inhabited settlements are rather long, particularly in Northern Fin-
land. The population (5,375,276 on the prevalence date 31 December, 2010) is rather
homogenous ethnically and culturally. Internal migration is not very common as two
thirds of the persons residing permanently in Finland at the end of 2012 were living
in their region of birth. At the end of 2012, nearly 85 % of the populace lived in the
country’s 745 urban settlements. Correspondingly, approximately five out of six
Finns lived in an area that covers only 2.2 % of the total land area of Finland. Most
of the urban settlements are small, inhabited by less than 1,000 people. At the end of
2012, there were only six urban settlements with over 100,000 inhabitants in the
country. Over 1,200,000 or 22 % of the population live in the capital area of Helsinki
in Southern Finland. (Statistics Finland)

Finland is classified as a high income country. In 2013, health expenditure was 9.1
% of gross domestic product which is the lowest percentage found in Scandinavian
countries. Private financing made up 24.4 % and public financing 75.6 % of the total.
During the recent decades, the share of private financing has increased. (National
Institute for Health and Welfare, THL) The health care system is predominantly or-
ganized as a public service provided by municipal authorities. The private health care
sector offers mostly only complementary outpatient services and simple surgical pro-
cedures. At the end of 2010, there were over 23,000 certified physicians in Finland,
of which 305 were neurologists and 27 genetics consultants certified by the national
authority. (Finnish Medical Association)

Every Finnish municipality (of which there were 461 in 1986 and 342 in 2010) has a
publicly financed and administered health center with at least one physician, although
the study period has seen both a shortage and oversupply of doctors. Specialized
health care is centered in the 21 central hospitals, of which five are university hospi-
tals that act as tertiary centers in some cases. These are all public hospitals. The ma-
jority of Finnish consultants work at the central hospitals and these are the sites to
which patients with diseases such as HD are referred for care. There are a few cities
in Southern Finland that have a quite well developed private sector involving also
neurology. There is, however, a consensus among Finnish neurologists that patients
with HD should be at least diagnosed and mostly treated in the public sector where
the institutional resources are further developed.

National registries are well developed in Finland. Since 1967, all Finnish public hos-
pitals (including health center wards) and also many private health care providers
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have reported all hospital admissions to the national authority, THL. The amount of
standardized data collected has expanded over the years and includes personal iden-
tification data, admission and discharge days and diagnoses. Furthermore, all public
sector specialized healthcare outpatient visits have been recorded via the THL Out-
patient Benchmarking Registry since 1998. All death certificates in Finland are scru-
tinized by provincial medical officers and, if required, sent back to the treating phy-
sician for revision and supplementation. The final documents are compiled and ar-
chived by Statistic Finland.

Two genetic laboratories perform H7T testing in Finland, namely the laboratory of
Helsinki University Hospital (HUSLAB) in Helsinki, and DNA Diagnostic Labora-
tory, TYKS Microbiology and Genetics, Department of Medical Genetics, Turku
University Hospital (TYKSLAB), in Turku. HUSLAB has provided the analysis
since 1993 and TYKSLAB since 1998. Until the turn of the Millennium, the genetic
counseling of patients with HD as well as persons at risk of HD was centralized to
Family Federation Finland in Helsinki.

4.2 Data collection and patient ascertainment

The Care Register for Health Care (CRHC), a continuation of the Hospital Discharge
Register, was searched for patients registered with the diagnosis 3334 A in the ninth
revision of the International Classification of Diseases (ICD-9) or with the diagnosis
G10 in ICD-10. The search covered the period between 1 January, 1987 and 31 De-
cember, 2010. The Hospital Benchmarking Database was also searched for all outpa-
tient appointments with the ICD-10 diagnosis G10 from 1 January, 1998 to 31 De-
cember, 2010. Patient records of specialized healthcare including neurology, psychi-
atry, genetics, internal medicine, clinical neurophysiology, radiology, physiotherapy,
speech therapy, occupational therapy and neuropsychology charts were then obtained
for review as well as the records of laboratory studies which were scrutinized. The
charts were reviewed in order to confirm the diagnosis.

All patients with a diagnosis of HD, confirmed by chart review, were included in the
epidemiological study (Study I). The diagnosis was accepted if the patient had a mo-
tor phenotype suggestive of Huntington's disease and an expansion of the CAG repeat
in HTT or if the patient had a motor phenotype suggesting HD and a family history
of Huntington's disease or a family history of motor symptoms suggesting HD. With
respect to the genetic diagnosis of Huntington's disease, it was required that the repeat
expansion in HTT was at least 36 CAG repeats. All data was gathered by the author
of this thesis (J.S.) and ambiguous cases were evaluated also by the supervisor of the
study (K.M.).
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Next, the CRCH and the Benchmarking Registry were searched for all hospital ad-
missions of the 207 ascertained patients during their lifetime, thus providing diagnos-
tic codes for all diagnosed comorbidities. Strokes, seizures, epilepsy and subdural
haematomas were identified by manual chart review as well as identifying relevant
diagnostic codes from the comorbidities search. Clinical data was gathered from the
patient charts and laboratory result sheets according to a protocol designed in advance
and based on the UHDRS. Statistics Finland provided the dates of death and ICD
diagnosis codes on death certificates for the deceased HD patients. Family relation-
ship data was obtained from the Population Register Center. Information on all con-
firmed HTT repeat expansions along with personal identification data was obtained
from HUSLAB and TYKSLAB. Finally, all HD patient records of Family Federation
of Finland in Helsinki, were scrutinized.

Because only one patient out of the total of 207 had JHD, the studies investigating
LOHD (Study II) and epilepsy in patients with HD (Study IV) as well as survival
analyses were limited to patients with adult-onset HD. We found the data on the age
at onset to be very incomplete, instead we used the date of diagnosis. JHD was de-
fined as HD diagnosed before the age of 20 years. Furthermore, because of insuffi-
cient clinical data, 15 HD patients had to be excluded from the studies investigating
stroke (Study III) and chronic subdural haematomas (Study V).

General population haplotype data was obtained from the 1000 Genomes project as
described in Study 1.

4.3 Statistical analysis

Shapiro-Wilk and Kolmogorov-Smirnov tests were used to assess the distribution of
continuous variables and subsequently Student's t-test, Mann-Whitney U test or in-
dependent samples of the Kruskall-Wallis test were used when appropriate. Differ-
ences in HTT haplogroup frequencies between populations were evaluated using
Fisher's exact test. The 95% confidence interval (95% CI) for prevalence was calcu-
lated. The correlation was tested with linear or logistical regression analysis, as ap-
propriate. Poisson log-linear analysis was used to compare stroke incidence between
HD patients and general population. The cumulative risk was estimated with Kaplan—
Meier analysis. In all tests, P-values less than 0.05 were considered significant.

Differences in demographic factors between onset and LOHD groups were tested us-
ing Student’s t-test or Fisher’s z transformation on Spearman’s correlation coeffi-
cients. Differences in survival times between onset and LOHD groups were tested
using Log-Rank test. Subsequently, generalized linear models were fitted for each
symptom to investigate absolute progression and rate of progression between onset
HD and LOHD patients adjusting for demographic factors. The results are expressed
in terms of Odds Ratios (OR) with their corresponding 95% confidence intervals. Cox
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survival regression models were fitted to investigate the differences in survival after
the diagnosis between mid-age onset HD and LOHD patients. Results are expressed
in terms of Hazard Ratios (HR) with their corresponding 95% confidence intervals.

In the stroke study (Study III), the CAP score was calculated with the equation: CAP
= AGE * (CAG - 33.66) (Penney et al. 1997), where CAG is the CAG repeat length
and AGE is the age at the time of IS or at the diagnosis of silent cerebral infarct or at
the time of last observation. In the LOHD (Study II) and chronic subdural haematoma
(Study V) studies, the equation CAP = 100 x AGE x [(CAG-30)/627] was used. This
formula has been modified to produce the value of 100 as the result at the time of
expected motor onset. (Ross et al. 2014a)

IBM SPSS Statistics, Version 22, (IBM SPSS, Chicago, IL, U.S.A.) was used by Jussi
Sipild and Kari Majamaa for statistical analyses in all studies. Additionally, SAS Sys-
tem for Windows, V.9.4TS1M1 (SAS Institute Inc., Cary, North Carolina, USA) was
used by Tommi Kauko in Study II. Jussi Sipild and Kari Majamaa performed all sta-
tistical analyses except for study II for which the majority of statistical analyses were
performed by Tommi Kauko, who also advised on the statistical matters of Study I.
In Study II, Arlequin version 3.5.1.2 was used by Kari Majamaa for comparing the
frequencies of causes of death.

4.4 Ethical approval

The ethics committee of the Hospital District of Southwest Finland (19/180/2010)
gave a favourable opinion of the study design and THL provided the national author-
ization (STM/3375/2010). In addition, some of the hospital districts stipulated re-
gional permits, which were obtained accordingly. This study included no contact with
patients. Hence, no procedures for obtaining informed consent were needed.
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S RESULTS

5.1 Epidemiology and diagnostics

Registry searches identified 399 persons for whom a diagnostic code of Huntington’s
disease had been entered at some time. Of these persons, 170 were found not to have
manifest HD while patient charts were not available for 22 persons whose status could
thus not be confirmed (see supplementary figure 1 in Study I). Thus, we identified
207 patients treated for manifest Huntington’s disease (table 11). There was one
(0.5%) patient with juvenile HD while in 52 (25%) patients, the disease exhibited a
late onset and was only diagnosed after the individuals were older that 60 years of
age. The mean age at diagnosis increased from 43 years at the beginning of the study
period to 57 years in the end (figure 8) and the proportion LOHD patients out of all
new diagnoses increased from 22 % in 1991-2000 to 33 % in 2001-2010. On 31 De-
cember 2010, the prevalence of HD in Finland was 2.12/100,000 (95% CI: 1.77 -
2.54) and that of LOHD 2.38/100,000 in the population older than 60 years. The age-
adjusted prevalence of HD was highest in the population 60-64 years of age (see fig-
ure 2 in Study I).

Table 11 Age at diagnosis among patients with HD

Median (years) IQR Range (years)
Men (N =97) 52.2 44.9; 60.4 22.6-76.9 —0.88
Women (N =110) 52.2 45.3;59.5 11.0-824 p=r

IQR, Interquartile range
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Figure 8 Age at diagnosis of Finnish patients with HD.

The annual number of HD diagnoses increased from the three diagnoses made in 1986
to the zenith of 18 diagnoses made in 2005 whereafter a clear decline to a level of six
newly diagnosed cases in 2010 was observed (see figure 1 in Study I). The clinical
diagnosis had been confirmed by genetic testing for 162 patients while the remainder
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had a family history of HD, usually proven by genetic testing or autopsy. Of the 45
patients on whom genetic testing had not been performed, 29 (64%) had been diag-
nosed before 1993 (i.e. the date when the test was introduced). Eight of the 114 pa-
tients alive on the prevalence date with diagnosed HD had not been confirmed with
direct genetic testing. Although there were some districts with no patients alive on
the prevalence date, HD diagnoses had been made in all hospital districts of Finland
during the study period (see Figure 3 in Study I). However, there were five hospital
districts (Central Finland, Central Ostrobothnia, Kanta-Hédme, Péijat-Hame and
Vaasa) in the western, middle and southern parts of the country where no case of
LOHD had been diagnosed.

The CAP score (Ross et al. 2014a) of all patients at the time of diagnosis was 110.59
+17.4 (95 % CI 107.9 — 113.3; range 75 — 163). The score was 10.4 units higher in
the LOHD group when compared to the mid-age onset group (p = 0.0003, see table 1
in Study II). CAP scores at diagnosis decreased in the LOHD group and the mid-age
onset group over the study period (table 12).

Table 12 CAP scores (units) at the time of diagnosis according to year of diagnosis

Patients Year of diagnosis p value
1995 - 2002 2003 -2010
Mid-age onset HD 109.7 £ 17.3 (N=39) 102.9 + 14.0 (N=58) 0.035
LOHD 126.4 + 12.5 (N=18) 112.5+16.2 (N=30) 0.003

CAP, CAG Age Product; LOHD, Late-onset HD

5.2 Clinical features

There was no difference in phenotype between genders at the time of diagnosis
(p>0.17 for all clinical variables). On the other hand, patients with LOHD experi-
enced a more severe motor impairment and slightly more severe functional impair-
ment at this stage compared to patients with mid-age onset HD, but no difference in
psychiatric and behavioral symptoms was found (see table 2 in Study II). Although
all variables, except chorea, progressed during the five years of clinical follow-up, no
difference was detected in the rate of progression between genders or between pa-
tients with mid-age onset HD or LOHD (p>0.05 for all). Functional status of all pa-
tients underwent a steady deterioration over time (figure 9).
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Figure 9 The proportion of patients retaining the best functional status in each category as a
function of time

Survival of patients with HD was shorter than the general population (figure 10). Men
had shorter survival in the total adult-onset cohort (HR 1.77) and in the mid-age onset
group (HR 2.69) but not in the LOHD group (tables 13 and 14). No difference in
survival was found between patients with mid-age onset HD and those with LOHD.

The median survival after HD diagnosis was 10.9 years (95% CI 9.4 - 13.0) among
all patients. In the total adult-onset cohort, a bivariate analysis revealed that higher
age at diagnosis and longer CAG repeat length independently predicted shorter sur-
vival. When gender was added to the Cox model, male gender replaced CAG repeat
length as a predictor of shorter survival (table 14).

In multivariate subgroup analyses, shorter survival was predicted by male gender in
the mid-age onset group and by higher age at diagnosis in the LOHD group (table
14).



74 Results

1,0 4
0,8 -

=] J

=

=

S 0,6

=

7}

= ]

2

=

S 04

=3 :

S ] \

n n
0,24 "
0,0

Age (years)

40

60 80

Figure 10 Overall survival (solid line, population; dashed line, HD)

Table 13 Median survival in patients with adult-onset HD

Patient group N Survival (years) 95 % CI p value
Men 97 9.8 7.7-11.6

Women 109 123 10.2-15.1 0.0045
LOHD 52 9.0 7.5-14.9 0.18
Mid-age onset HD 154 11.6 10.5-13.3 )

p values have been calculated with log-rank statistics. 95 % CI, 95 % Confidence Interval

Table 14 Predictors of survival in patients with HD

Age at HD CAG repeat length Male gender
diagnosis
Two-factor Cox model (to- HR 1.04 HR 1.12 n.i.
tal adult-onset cohort) p=0.015 p=0.043
Three-factor Cox model HR 1.04 HR 1.11 HR 2.33
(total adult-onset cohort) p=0.022 p=0.055 p=0.001
Three-factor Cox model HR 1.04 HR 1.12 HR 2.84
(mid-age onset cohort) p=0.16 p=20.07 p = 0.0008
Three-factor Cox model HR 1.14 HR 0.95 HR 1.50
(LOHD cohort) p=0.005 p=0.76 p=0.39

HR, Hazard rate for an increase in age at diagnosis (per year) or length of the affected allele (per

unit); n.i., not included.

Age of death was 60.3 + 11.7 years for the 54 deceased male patients and 62.1 + 13.0
years for the 50 deceased female patients (p = 0.47). Causes of death (table 15) were
available for 47 male patients (88 %) and for 43 female patients (86 %). Causes of
death differed between the 71 patients with mid-age onset HD and 19 patients with
LOHD for whom a cause was known (p = 0.025; see figure 1 in Study II).
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Table 15 Causes of death in Finnish patients with adult-onset HD.

Cause of death Men Women
N (%) N (%)
Lower respiratory tract infection 25 (53) 12 (28)
HD 15 (32) 21 (49)
Alien object in airway 1(2) 2(5)
Cancer 1(2) 1(2)
Suicide 3(6) -
Possible suicide 1(2) -
Seropositive rheumatoid arthritis 1(2) -
Asthma - 1(2)
Bed sores - 1(2)
Mania - 1(2)
Erysipelas - 1(2)
Obstructive ileus - 1(2)
Myocardial infarction - 1(2)
Pulmonary embolism - 1(2)

The death was attributed as the immediate cause of death if it had been defined except for one case
in which the cancer had been recorded as the basic cause of death and pneumonia as the immediate
cause of death. In this case, death was attributed to cancer.

5.3 Neurological comorbidities

Five patients (95% CI 1-9) were found to have suffered an ischaemic stroke (IS), one
had had a subarachnoidal haemorrhage and one an intracerebral haemorrhage. No
temporary ischaemic attacks had been recorded. By the age of 65 years, the cumula-
tive IS incidence was 2.7 % and that of silent infarcts 6.7 % (see figure 1 in Study
III). The crude incidence of IS in patients with HD was 42/100,000 and that in patients
under 65 years of age 23/100,000, these values are similar to that in the general pop-
ulation (p = 0.46). No patient had a diagnostic code of cerebrovascular disease in their
death certificate. The CAP scores at the time of which IS or silent infarcts occurred
were lower than those in patients without ischaemic events (p = 0.031, see figure 2 in
Study III). However, no association was found between gender, age at HD diagnosis
and CAG repeat length and cerebrovascular events (p > 0.09 for all). Vascular risk
factors had been more often diagnosed in those patients who had experienced a cere-
brovascular event (see tables 1 and 3 in Study III). Diabetes mellitus had been diag-
nosed in 4.2% and arterial hypertension in 12.0 % of all HD patients.

Seven patients (95% CI 3—14) had been diagnosed with a chronic subdural haemor-
rhage (SDH) concurrently or after the diagnosis of HD. Additionally, one patient had
been diagnosed with a chronic SDH three years before the diagnosis of HD. At the
time of chronic SDH, the mean CAP score was 111.9 + 12.4 (range, 96.8-129.4) and
the risk began to increase at the time of expected motor onset (see figure 1 in Study
V). No difference in the age at HD diagnosis (p = 0.12) or CAG repeat length (p =
0.15) was found between the seven patients with SDH and those without SDH. A
crude incidence rate of 455/100,000 person-years was found for chronic SDH after
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the diagnosis of HD and a cumulative risk of 5.4 % by the end of follow up (8.3
years). There were very few traditional risk factors for chronic SDH in this population
(see table 1 in Study V). Information on balance and possible falls had not been very
commonly recorded at follow-up visits of HD. Of the seven patients diagnosed with
a chronic SDH concurrently or after receiving the diagnosis of HD, six had been op-
erated with four of them needing at least one reoperation.

In those patients with adult-onset HD, three were found to have epilepsy. The preva-
lence of diagnosed epilepsy was 2.6 % (95 % CI 0.6 — 7.5 %) on the prevalence date
and that of active epilepsy was 0.9 % (95 % CI 0.0 — 4.8 %). The crude incidence of
epilepsy was 24/100,000 person-years. Diagnoses of epilepsy had been made both
before and after HD had become manifest with a CAP score of 89 in both of the
patients for whom a score could be calculated. The most frequent seizure type was a
generalized tonic-clonic seizure (GTCS) but also partial and myoclonic seizures were
observed. All seizure types were invariably well controlled with the initiation of ap-
propriate antiepileptic medication (AED) and, in the case of one patient, tapering off
was also successful (see table 1 in Study IV).

5.4 Genetics

The mean CAG repeat length in the affected allele was 43.3 £ 3.5 (median 43; range,
37 - 61) with no difference between maternal or paternal inheritance (p = 0.58) or
geographical areas (p = 0.60). There was an inverse correlation between the CAG
repeat length in the affected allele and age at diagnosis (B = -0.73 £ 0.18; R? = 0.53;
p < 0.001). The correlation did not differ between patients with mid-age onset or
LOHD (p = 0.13). Repeat lengths were longer in the mid-age onset group (median
44; IQR 42, 45) compared to the LOHD group (median 41; IQR 40, 42). No differ-
ence was found between paternal or maternal inheritance in the intergenerational
change in the CAG repeat length (p = 0.057; table 16). Two intergenerational expan-
sions of over 10 additional repeats were observed [+11 (+22%) repeats and +12
(+27%) repeats], both in the paternal group.

Table 16 Transmission of the expanded CAG repeat according to parent of origin

Total Mother Father

Transmissions 62 36 26
Parent median CAG 43 (IQR 41, 46) 42 (IQR 40, 46) 43 (IQR 41, 45)
Changed alleles 46 (74%) 25 (69%) 21 (81%)
Contractions 19 13 6
Expansions 27 12 15
Median change 0 (IQR -1, +2) 0 (IQR -1, +1) +1 (IQR 0, +3)
Range of change -3 to +12 -3to+7 -3 to+12

(-7% to +27%)

(-7% to +15%)

(-6% to +27%)
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Haplogroup C comprised 50.5 % of all the 186 Finnish general population chromo-
somes 4 deposited in the 1000 Genomes Project. The second most common haplog-
roup was A with a frequency of 39.2 % being more uncommon than in Canada, where
it is present in 53% of all chromosomes 4 (p = 0.024; Warby et al. 2009). Haplogroup
subtype Al comprised 17.8 % and the A2 subtype 26 % of all haplogroup A chromo-
somes. In comparison to the Canadian data, no difference was found in the proportion
of A1 + A2 of either all haplogroup A chromosomes (p = 0.73) or all chromosomes
4(p=0.11).
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6 DISCUSSION

Research on the epidemiology of Huntington’s disease has a long history. (Al-Jader
et al. 2001) Nevertheless, the subject is still timely as significant gaps still exist in
our knowledge and previously held beliefs need to be revised and subjected to change.
(Rawlins et al. 2016; Sipild & Péivdrinta 2016) This present thesis is a part of this
continuum as it was primarily designed to provide up-to-date information on the ep-
idemiology of HD in Finland. The research question was based on the clinical expe-
rience that increasing numbers of patients have been diagnosed after the introduction
of genetic testing in 1993. Our results revealed that HD is at least four times more
common in Finland than previously reported (Palo et al. 1987) with a minimum prev-
alence of 2.12/100,000.

6.1 Interpretation of study results

Epidemiology. Considering the high prevalence figures reported recently elsewhere
(Morrison et al. 2011; Evans et al. 2013; Fisher and Hayden 2014; Squitieri et al.
2016), HD is still not as common in Finland as in other countries with populations of
Caucasian origin. Compared to previous reports in other Caucasian populations, the
chromosome 4 haplogroup A was relatively uncommon in the Finnish population,
which supports this conclusion. The annual number of new HD diagnoses also seems
to have stabilized after a peak in 2005, thus suggesting that the increase in prevalence
was not due to any increase in incidence but rather to a correction of under-ascertain-
ment before the era of molecular HD diagnosis. This is also supported by the observed
decrease in CAP scores at diagnosis, which indicates that diagnoses were being made
earlier as awareness of the disease increased. Therefore, it appears that although Fin-
land has been relatively isolated genetically, a feature that is also evident in HD epi-
demiology, this isolation effect is not as extreme as previously thought (Kay et al.
2014). This is reasonable considering that genetic isolation usually affects mainly the
epidemiology of recessively inherited diseases and less of those that are inherited
dominantly. Nevertheless, in the context of HD epidemiology, Finland appears to be
an aberration and clarifying the reason(s) for this phenomenon may provide infor-
mation relevant to disease mechanisms.

The exceptionality of Finland in terms of HD epidemiology is also apparent in the
age distribution of Finnish HD patients. A previous study in Finland identified only
two out of 25 families with manifested JHD. (Ikonen et al. 1992a) In a study period
compirising a quarter of a century, we now located only one patient with JHD in the
whole country. This amounts to 0.5 % of all verified cases, whereas the corresponding
proportion in other countries with similar ethnic and economical circumstances is ten-
fold higher (Quarrell et al. 2012). Furthermore, every fourth Finnish patient with HD
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receives his or her diagnosis after the age of 60 years. Compared to percentages of
under 20% reported thus far from other countries, (Almqvist et al. 2001; Ramos-Ar-
royo et al. 2005; Koutsis et al. 2014; Cornejo-Olivas et al. 2015) the proportion of
LOHD is remarkably high in Finland. The island of Crete represents another excep-
tion; there the proportion of LOHD is 40 % (Kartsaki et al. 2006) in a subpopulation
of patients who do not show anticipation and whose CAG repeat sequences slowly
contract with successive generations (Tzagournissakis et al. 1995). These patients are
all descentants of a single founder who probably lived circa 1100 AD. (Kartsaki et al.
2006)

This raises one pertinent question: Are there genetic elements in the Finnish popula-
tion that markedly affect the genetics of HD? This thesis does not provide a definite
answer, but the relative scarcity of haplogroup A observed in the Finnish general
population suggests that this may be involved in the overall genetic mechanism.
Moreover, the CAG repeat lengths have been reported to be relatively short in the
Finnish general population (Squitieri et al. 1994) and we found that the mean affected
CAG repeat length appeared somewhat shorter than those reported in other popula-
tions. (Benitez et al. 1994; Laccone et al. 1999; Panas et al. 2011; Moily et al. 2014)
However, it has to be noted that the repeat length is difficult to compare between
studies because of different methodologies. The question therefore remains open but,
considering the distinct genetic features of the Finns compared to other Europeans
(Lek et al. 2016) and the divergent epidemiology of certain other repeat expansion
disorders in Finland (Juvonen et al. 2002; Juvonen et al. 2005 van der Zee et al. 2012;
Pliner et al. 2014), it seems apparent that clarification of these ethnic difference could
be illuminating.

Intergenerational CAG stability. Our results on intergenerational CAG stability are
similar to those reported for a Dutch population (Aziz et al. 2011), which suggests
that the proportion of JHD should not be any different in Finland compared to similar
nations. Nonetheless, the absolute number of HD patients is low when compared to
many other Caucasian populations. This could naturally lead to difficulties in recog-
nizing such a rare disorder as JHD, which is also phenotypically markedly different
from adult-onset HD. The clinical phenomenology of LOHD does not seem to differ
from that of mid-age onset HD, but this tends to make the diagnosis of LOHD patients
challenging and cause delays. However, this delay has become shorter and the pro-
portion of LOHD among newly diagnosed patients is increasing. Therefore, it seems
likely that the introduction of genetic testing has increased the number of HD diag-
noses among elderly people and increased the awareness of HD among physicians.
The lack of a similar increase in adolescents suggests that JHD indeed is very rare in
the Finnish population. Indeed, the only JHD patient in our study had been diagnosed
without genetic verification in 1989 in a family with autopsy-verified HD and no
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diagnoses have been ascertained during the era of molecular diagnostics. The pheno-
typical differences between adult-onset HD and JHD may still present clinical chal-
lenges. However, considering the early age of onset in JHD, these patients usually
have a positive family history, which is often lacking in cases of LOHD (Almqvist et
al. 2001; Ramos-Arroyo et al. 2005; Koutsis et al. 2014; Cornejo-Olivas et al. 2015).
This further raises the already higher threshold of suspicion in the elderly, because
motor impairment and cognitive deterioration in elderly individuals can have a pleth-
ora of alternative explanations. Furthermore, the family trees compiled of Finnish HD
families (data not shown) do not suggest that any cases of JHD have been overlooked.
Therefore, it appears that the scarcity of JHD in Finland is a true phenomenon.

Diagnosing HD in Finland. The diagnostics of HD seem to have improved in Fin-
land during the study period as the annual number of new diagnoses increased and
the diagnoses happened earlier in relation to expected disease onset. This is most
obvious in the patients with LODH, whose proportion of newly diagnosed cases in-
creased and CAP scores decreased by 11 % from 126 to 112 units between the first
and second half of the study period. [motor onset expected at CAP 100 (Ross et al.
2014a)]; these values indicate that although the diagnoses of LOHD patients were
delayed, the length of the delay shortened during the study period. In line with a pre-
vious report (Koutsis et al. 2014), we found that LOHD patients had a more severe
motor phenotype at the time of diagnosis than mid-age onset patients, whose CAP
scores decreased from 109 to 102 units (-6 %) during the same period. Indeed, the
score of 102 units suggests that there had been no delay in the diagnostics of mid-age
onset HD in Finland at the end of the study period, while the score of 112 for LOHD
patients still indicates a diagnostic delay. We believe that this decrease in the CAP
scores at the time of diagnosis in all patients highlights the effect that diagnostic ge-
netic testing has had on HD awareness in Finland. The decrease in the CAP score was
more marked in LOHD patients, suggesting that the impact of genetic testing has been
more influential in the diagnostics of LOHD. This is not surprising, if one considers
the difficulties in the diagnostics of LOHD solely on clinical grounds.

It is possible that the CAP score estimates the time of motor onset less accurately in
patients with LOHD than in patients with mid-age onset HD. Indeed, previous studies
have reported that the correlation between age of onset and CAG repeat length is not
as clear in LOHD as in mid-age onset HD (Almgqvist et al. 2001; Lipe and Bird 2009;
Koutsis et al. 2014) or that it may not even exist in LOHD (Kremer et al. 1993). Age
has been shown to affect the progression of HD (Ravina et al. 2008; Rosenblatt et al.
2012) so that patients with LOHD reach the severe disease stage almost 3 years earlier
than patients with mid-age onset HD (Koutsis et al. 2014). However, that study did
not assess genetic disease burden in relation to the time of diagnosis, but only esti-
mated disease onset retrospectively. Furthermore, only the frequency but not the se-
verity of symptoms and signs at the time of HD diagnosis was measured and the
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baseline disease severity was not taken into account when assessing disease progres-
sion. (Koutsis et al. 2014) Additionally, at odds with the current convention (Ross et
al. 2014a, Craufurd et al. 2015), that study also accepted behavioral or psychiatric
symptoms as first clinical features of manifest HD leaving it indeed unclear if all
patients had unequivocal motor signs at the time of diagnostic testing (Koutsis et al.
2014). A faster clinical progression has been reported to be associated with longer
CAG repeat length, (Marder et al. 2002; Ravina et al. 2008; Rosenblatt et al. 2012)
which is associated with younger age of onset. Furthermore, we found no difference
between patients with mid-age onset HD or LOHD in disease progression, survival
or correlation of age at diagnosis and CAG repeat length and furthermore both mid-
age onset HD and LOHD curtailed life expectancy. These results indicate that these
two phenotypes share substantial similarity.

Functional capacity and survival, In line with previous studies (Meyer et al. 2012;
Dorsey et al. 2013), our results show a steady functional decline in patients with HD.
Interestingly, the ability to walk unassisted was retained most often, whereas other
functional abilities were decreased already at the time of diagnosis and deteriorated
in a similar fashion apart from the ability to work which was lost first in the course
of the disease. Previous studies have reported similar results. (Beglinger et al. 2010;
Meyer et al. 2012) Cognitive deterioration therefore seems to be of particular im-
portance when assessing the functional decline, even though HD has long been con-
sidered primarily a movement disorder. It should be noted that the proportion of pa-
tients that were employed was already low at the time of diagnosis in our study. This
was partly a result of the large proportion of LOHD patients in our data.

Previous studies have largely agreed on the fact that women have longer survival in
HD (Roos et al. 1993; Foroud et al. 1999; Pekmezovic et al. 2007; Keum et al. 2016)
and our results are in keeping with this proposal. Only one study from Southern Italy
has found no difference in survival between genders. (Rinaldi et al. 2012) The Italian
study differed from ours on three accounts: it included also patients with JHD, it ac-
cepted also psychiatric or cognitive onset of HD contrary to current standards and it
had a sample size two thirds of our study population. The importance of male gender
as arisk factor for shorter survival is highlighted not only by the converging evidence
from multiple studies, but also by the considerably larger hazard ratio compared to
age at diagnosis in our study. Interestingly, we found no difference between genders
in their clinical phenotype at diagnosis or in their disease progressions, suggesting
that difference in survival between genders is attributable to factors other than HD
pathology. Indeed, there are some general gender-related factors related to the shorter
life-span of men. (Martelin et al. 2004; Beltran-Sanchez et al. 2015) Furthermore,
there was no difference between the genders in the survival of LOHD patients, a find-
ing similar to that of decreasing excess male mortality of general population in the
oldest of the old (Beltran-Sanchez et al. 2015). It is noteworthy that all of the suicides
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in our population cohort were committed by men and occurred within 6.5 years from
the diagnosis of HD. Suicide is more frequent in men also in the general population.
However, HD is associated with a high suicide frequency. (Schoenfeld et al. 1984;
Farrer 1986; Di Maio et al. 1993) although it should be noted that Finland has a high
suicide rate (Titelman et al. 2013; Fond et al. 2016) which limits the generalizability
of our result.

We found that higher age at HD diagnosis predicts shorter survival, but others have
provided conflicting results. (Roos et al. 1993; Foroud et al. 1999; Marder et al. 2000;
Marder et al. 2002; Pekmezovic et al. 2007; Rinaldi et al. 2012; Keum et al. 2016)
Our study differs from the previous reports in that we only analyzed the survival of
adult-onset cases whereas some of the previous studies have used age of onset instead
of age at diagnosis. Furthermore, we used a multivariate analysis, where age at diag-
nosis, CAG repeat length and gender were included into the same model, an approach
not taken in all previous studies. We found that adding gender to the equation elimi-
nated the effect of CAG repeat length on survival, but did not affect the influence of
age at diagnosis. This also implies that the patients’ survival is influenced by factors
not directly related to HD pathology. Higher age correlates with shorter survival also
in the general population and patients with LOHD often die of causes related more to
old age than HD (Lipe and Bird 2009) as was seen also in our study. Therefore, it is
not surprising that the hazard ratio for increasing age is markedly smaller than that
for gender. In our study, the effect sizes for gender (Pekmezovic et al. 2007) and age
at diagnosis (Rinaldi et al. 2012) were similar to those reported in some previous
studies.

Neurological comorbidities. Previous information on the epidemiology of cerebro-
vascular disease or seizures/epilepsy in patients with HD predates the discovery of
HTT. Death certificate data from 1971 and 1973 through 1978 indicated that 7.1 %
of the patients who died with HD also had cerebrovascular disease. (Lanska et al.
1988) During approximately the same time period, the occurrence of seizures in
adult-onset HD has been reported to be similar to that in the general population. (Kre-
mer 2002) Our results show no difference in the incidence of stroke or prevalence of
epilepsy between patients with adult-onset HD and general population. This is inter-
esting, considering the extensive damage present in HD brains, (Waldvogel et al.
2012) the number of cellular mechanisms known to be affected, (Imarisio et al. 2008;
Labbadia and Morimoto 2013; Gratuze et al. 2016) the reported alterations in metab-
olism (Leoni and Caccia 2015) and brain vasculature (Drouin-Ouellet et al. 2015) as
well as previous reports on the frequency of vascular disorders in individuals with
HD (Lanska et al. 1988; Rinaldi et al. 2012; Zielonka et al. 2014). It seems that the
brain pathology in adult-onset HD is not sufficient to cause a general neuronal dys-
function at a level needed to cause epilepsy. In JHD, the incidence of epilepsy is
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higher, but the causes are unknown. One possible explanation is that seizure suscep-
tibility in JHD is not a direct product of the disease process but due to an influence
with brain immaturity and development (Holmes 1997).

There are no studies on the prevalence of clinical vascular disease in living patients
with HD. Recent studies have been in conflict (Boesgaard et al. 2009; Aziz et al.
2010a; Russo et al. 2013; Nambron et al. 2016) with the previous reports that impair-
ment of glucose metabolism and diabetes are common in patients with HD (Farrer
1985; Lali¢ et al. 2008). The reports on blood cholesterol levels in patients with HD
have also been conflicting (Markianos et al. 2008; Nambron et al. 2016). We observed
that the vascular risk factors in patients with HD were at the same level as in general
population with no difference being found in the prevalence of diabetes. Although
the clinical picture of HD clearly is wider than the traditional triad, the peripheral
metabolic changes are not sufficient to cause comorbidities. Indeed, the frequency
and clinical relevance of possible vascular comorbidities outside the brain in HD re-
main unclear.

In contrast to the situation for stroke and epilepsy, chronic subdural haematomas were
shown to be more common in HD than in the general population. This is not surpris-
ing considering the symptoms inherent in HD i.e. cortical brain atrophy, (Halliday et
al. 1998) balance impairment and falls (Grimbergen et al. 2008; Busse et al. 2009).
However, it is noteworthy that there was an absence of other common risk factors for
chronic SDH in the patients with HD. This implies that the only way to prevent
chronic SDH in HD is assistive devices and physiotherapy (Kloos et al. 2008).

6.2 Strengths and limitations

This is the first study after the introduction of genetic HD testing to investigate the
disease in Finland. The study was conducted on a national scale using multiple reg-
istries and data was collected by a single neurologist according to a protocol designed
in advance and based on the UHDRS. However, as all data was collected from regis-
try searches and retrospective analysis of clinical and genetic data it is possible that
there were inconsistencies in the available data since it had not been originally rec-
orded for research purposes but instead as everyday clinical notes by numerous neu-
rologists and other physicians at different institutions. This unavoidably introduces
some noise into our statistical evaluation of some clinical variables, but not to the
most important variables i.e. age, gender and CAG repeat length.

We were also unable to access a part of the data suggested by registry searches as the
clinical notes of 22 persons (5.5 %) did not become available despite repeated re-
quests. It is also possible that registry searches may have missed patients because of
errors in coding or diagnostics or because patients were diagnosed in institutions that
do not participate in the registries. Generally, the registries have been shown to be
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reliable (Sund 2012) and healthcare in Finland is publicly funded and available to all,
providing general access to a wide range of services (Vuorenkoski et al. 2008). Ac-
cordingly, the role of healthcare providers that do not send data to the national regis-
tries will be miniscule since there is a general consensus among Finnish neurologists
that patients with a debilitating disorder such as HD should at least receive family
counseling and rehabilitation via the public sector. We therefore estimate that our
patient ascertainment was comprehensive. Unfortunately there was no independent
registry available for performing a capture-recapture analysis to verify this assump-
tion.

Because of ambiguity of the data and problems in acquisition of the clinical charts,
we were unable to assess the time of symptom onset. In HD, recall bias but also ano-
sognosia and the pressure of social stigma contribute to the ambiguity. Therefore, we
considered that genetic disease burden as estimated by CAP score represented an ap-
propriate and reliable surrogate of disease onset at cohort level. Additionally, all pa-
tients in our study had unequivocal motor signs at the time of diagnosis, whereas
some earlier studies have calculated disease onset based on the appearance of behav-
ioral or psychiatric symptoms, a practice which is not recommended at the present
time (Ross et al. 2014a; Craufurd et al. 2015). It should be noted that estimates of
disease epidemiology obtained retrospectively from registers or by means of cohort
studies need to be replicated for validity, preferably with research applying a pro-
spective study design. Finally, it is possible that the factors which result in differences
the prevalence of HD between Finland and other countries might also affect the fre-
quency of comorbidities in patients with HD. Thus, our comorbidity results need to
be replicated in other populations.

6.3 Clinical implications

Considering the high proportion of LOHD cases and the findings that point to a diag-
nostic delay in our study, it seems that despite the challenges involved, the threshold
of suspicion for LOHD should be lowered. This diagnosis may also be considered in
cases of extrapyramidal involvement atypical of HD but with a suggestive family
history. The situation with JHD is more difficult to evaluate, given that the family
trees we compiled found no evidence of undiagnosed cases. However, the genetic
results in our study do not indicate that there would be any mechanisms that would
make JHD totally absent in this population so clinicians treating minors should be
vigilant and consider JHD as a differential diagnosis in cases of otherwise unex-
plained cognitive deterioration and even in cases resembling but not confirmed as
progressive myoclonic epilepsies.

Our study suggests no increased risk of stroke or epilepsy in patients with adult-onset
HD. Therefore, HD should not affect treatment choices in adult-onset patients with
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epilepsy since the appropriate AEDs seem to be effective and even tapering off may
be successful. Furthermore, adult-onset HD should not be considered a brain disorder
that predisposes to epilepsy and a diagnosis of epilepsy should not be made after a
single seizure in an adult-onset patient with HD. Vascular risk factors should also be
evaluated and treated in patients with HD according to current general treatment
guidelines. The importance of vascular risk evaluation is underlined by the high pro-
portion of elderly patients in the HD population.

According to our results, the risk of chronic SDH begins to increase at the time of
expected motor onset. Therefore, it is essential to detect gait and balance impairments
as early as possible, and this cannot be achieved by relying on UHDRS testing. For-
tunately, better tests such as Berg Balance Scale and the Rivermead Mobility Index
are available. (Busse et al. 2009; Williams et al. 2014) Accordingly, we suggest that
all patients with newly diagnosed HD should be referred to a physiotherapist who
should then follow-up their condition at regular intervals. This is all the more im-
portant considering the high reoperation rate for chronic SDH in HD.

6.4 Suggestions for future research

Our results showed that the prevalence of HD in Finland is not extremely exceptional
but still differs from that in similar countries in many respects. Further research into
the genetics, and possibly epigenetics of HD in Finland will be needed to elucidate
mechanisms behind this phenomenon. Additionally, more research on possible envi-
ronmental modifiers of HD is clearly needed. A prospective study on HD incidence
in Finland should also be arranged. For instance, this could be undertaken by partic-
ipating in the Enroll-HD study (https://www.enroll-hd.org/) at the national level. The
occurrence and phenotype of possible cardiac manifestations of HD should be inves-
tigated prospectively. This is important because cardiac causes have been reported to
account for a considerable proportion of HD-related mortality but these conditions
may be preventable or treatable. Lastly, the question if there are biological differences
between mid-age onset HD and LOHD remains unresolved. Considering the apparent
difference in psychiatric manifestations between the disease forms with some studies
reporting a rather mild phenotype for LOHD, it seems that prospective studies using
robust biomarkers will be needed to answer this question. These studies would deepen
our understanding of the basic mechanisms of HD in humans.
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7  CONCLUSIONS

This thesis examined the epidemiology of HD in Finland and found that the disease is
more common than previously reported, although it is still rarer than in other countries
with mainly Caucasian populations. This may be due to relative scarcity of the chromo-
some 4 risk haplogroup A in the Finnish population. HD does not, however, constitute an
absent variant of the Finnish Disease Heritage similar to FRDA. Our work also showed
that the age distribution of HD patients in Finland differs from that in similar populations
suggesting that there are genetic or environmental factors distinctive to Finnish HD. How-
ever, our work could not identify any definite causes for this difference, as intergenera-
tional stability of the CAG repeat in the Finnish HD population is similar to that reported
previously. Another result emerging from this thesis project is that the occurrence of
stroke, epilepsy or diabetes in HD does not differ from that in general population. How-
ever, our work showed that patients with manifest HD are susceptible to chronic SDH, a
risk that should be taken into account from the beginning of follow-up. This work com-
bines epidemiologic, genetic and clinical information on HD and indicates new avenues
of research that may furthen our understanding of the basic mechanisms of HD.

1) On31 December 2010 there were 114 patients alive with diagnosed manifest
HD in Finland giving a point prevalence of 2.12/100,000. Only one (0.5%)
of all the 207 identified (i.e. living or deceased) patients had JHD. We found
no geographical differences between HD prevalence in mainland Finland.

2)  Patients with LOHD comprised 25% of the cohort. Compared to mid-age onset
patients, patients with LOHD had a more severe motor phenotype at the time of
diagnosis as well as higher CAP scores suggesting that there had been a diag-
nostic delay. No other differences were found in the presentation or progression
between patients with mid-age onset HD or LOHD.

3) Stroke, epilepsy and diabetes were found to be as common in Finnish HD pa-
tients as in the general population as were vascular risk factors. If epilepsy was
present in adult-onset HD, it was found to respond well to treatment with AEDs.
The risk of SDH was observed to increase in patients with HD from the time of
expected motor onset. SDHs were found to be more common in patients with
HD compared to general population.

4)  The mean length of the affected CAG repeat is 43.3 + 3.5 (median 43; range, 37
- 61) with no geographical variation. The repeat length is slightly shorter than
that reported in other populations, but comparison must be made cautiously be-
cause of methodological differences. The intergenerational stability of the CAG
repeat seemed to be similar in Finnish and Dutch HD populations. The chromo-
some 4 haplogroup A was more infrequent in the Finnish general population
when they were compared to the Canadian population. This may partly explain
the relative rarity of HD in Finland.
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