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In recent years, the concept of hypomyelinating disorders has beenproposed as a group of disorderswith varying
systemic manifestations that are identified by MR findings of absence or near absence of the T2 hypointensity
that develops in white matter as a result of myelination. Initially proposed as a separate group because they
were the largest single category of undiagnosed leukodystrophies, their separation as a distinct group that can
be recognized by looking for a specific MRI feature has resulted in amarked increase in their diagnosis and a bet-
ter understanding of the different causes of hypomyelination. This reviewwill discuss the clinical presentations,
imaging findings on standard MRI, and new MRI-related techniques that allow a better understanding of these
disorders and proposedmethods for quantifying themyelination as a potentialmeans of assessing disease course
and the effects of proposed treatments.
Disorders with hypomyelination of white matter, or hypomyelinating disorders (HMDs), represent the single
largest category among undiagnosed genetic leukoencephalopathies (Schiffmann and van der Knaap, 2009;
Steenweg et al., 2010). This group of inborn errors of metabolism is characterized by a magnetic resonance im-
aging (MRI) appearance of reduced or absentmyelin development: delay in the development of T2 hypointensity
and, often, T1 hyperintensity in the white matter of the brain. The concept of hypomyelination was first concep-
tualized by (Schiffmann and van der Knaap, 2009; Steenweg et al., 2010; Schiffmann et al., 1994) in a series of
papers that showed that theseMRI characteristicswere easily recognized,were different from theMRI character-
istics of dysmyelinating and demyelinating disorders, and that the combination of these imaging findings with
specific other clinical and imaging features could be used to make diagnoses with some confidence. In this man-
uscript, we will discuss the physiologic and genetic bases of hypomyelinating disorders, as well as their classifi-
cation, clinical manifestations and imaging characteristics.
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1. Hypomyelination disorders: clinical and MRI Phenotypes

The prototype hypomyelinating disorder, Pelizaeus–Merzbacher dis-
ease (PMD), is caused by mutations of the PLP1 gene, which encodes
proteolipid protein, one of the principal structural proteins of myelin
(Koeppen et al., 1987; LeVine et al., 1990; Sistermans et al., 1998). Path-
ogenesis is believed to be oligodendrocyte death via anunfolded protein
response to PLP1mutations (Southwood et al., 2002; Dhaunchak et al.,
2011), possibly due to depletion of molecular chaperones from the
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endoplasmic reticulum and fragmentation of the Golgi apparatus
(Numata et al., 2013). Affected patients (almost exclusively boys)
show early delays in motor development, almost always associated
with nystagmus during the first year, choreoathetosis or ataxia of the
head and trunk in the second half of the first year, and progressive
spasticity (frequently associated with dystonia) that begins in early
childhood. Development typically plateaus during the second half of
the first decade, followed by slow deterioration beginning in adoles-
cence. More severely affected patients are considered to have the
“connatal form” of the disease, achieving almost no motor milestones.
Hypotonia, feeding problems and absent primitive reflexes are common
in the neonatal period. Nystagmoid ocular movements and extrapyra-
midal hyperkinesia are followed by the development of epilepsy, and
early ataxia is followed by severe dystonia, impaired growth, and early
death, usually by the end of the first decade (van der Knaap and Valk,
2005a; Boespflug-tanguy, 2013). A smaller percentage of patients with
PLP1 mutations (~10%) will develop a phenotype of spastic paraplegia
type 2 (SPG2) (van der Knaap and Valk, 2005a; Boespflug-tanguy,
2013; Garbern et al., 1999), exhibiting delayed early motor develop-
ment, with progressive gait abnormalities over the first 5 postnatal
years followed by development of ataxia, spasticity and loss of ambula-
tion by themiddle teen years. A slightlymore severe variant of SPG2 has
been recently described, caused bymutations of PLP1 either in the PLP1-
specific region encoded by exon 3B (this region is normally spliced out
in the formation of DM20) or in PLP1 intron 3. These mutations
cause hypomyelination of the early myelinated axons in the medulla,
the lower pons (at the border of the medulla) and the hilus of the
cerebellar dentate nuclei (Kevelam et al., 2015). Affected patients
presented during the first or second year of life with nystagmus, or in
early childhood with cerebellar dysfunction or developmental delay,
followed during childhood by development of progressive spasticity or
cerebellar dysfunction (Kevelam et al., 2015). See Table 1 for features
of diseases.

Pelizaeus–Merzbacher-like disease (PMLD), also calledhypomyelinating
leukodystrophy type 2 and GJC2-related disorders, is caused by
Table 1
Characteristics of hypomyelinating disorders.

Disorder/
abbreviation

OMIM Gene Heritance Clinical

Pelizaeus–Merzbacher
Dz/hereditary spastic
paraparesis type 2

312920 PLP1 X-linked Nystagmus, choreo
More severe in con

Pelizaeus–Merzbacher like Dz 608804 GJC2 AR Similar to PMD
Pol III related leukodystrophies 607694,

614381
POLR3A,
POLR3B

AR Cerebellar signs, U
HH.

Oculodentodigital dysplasia 164200 GJA1 AD,
sporadic

Characteristic facie
digits of hands/ft, d

Hypomyelination with
congenital cataracts

610532 FAM126A AR Cataracts, congeni
motor developmen

18q-syndrome 601808 18q- Sporadic Characteristic facie
hypotonia, seizure

Hypomyelination with atrophy
of basal ganglia and
cerebellum

612438 TUBB4A Sporadic DD, hypotonia, nys
movement disorde

TUBB4A-associated
Hypomyelination

602662 TUBB4A Sporadic DD, hypotonia, nys
paraparesis

Trichothiodystrophy with
photosensitivity

601675 ERCC2,
ERCC3,
GTF2H5,
MPLKIP

AR DD, coarse and bri
craniofacial dysmo

RARS-associated
hypomyelination

609136 RARS AR, AD Motor delay, nysta

Hypomyelination with brain
stem and spinal cord
involvement

615281 DARS AR Motor delay, progr
+/− mild cognitiv

Abbreviations: HM= hypomyelination, DD= developmental delay, HH= hypogonadotropic
Ca++=calcifications, CC= corpus callosum, IC= internal capsule, BS=brain stem, Cb=cer
peduncle, DSC = dorsal spinal columns, HSmegaly = hepatosplenomegaly, FA = fractional an
mutations of the gap junction protein, gamma-2 (GJC2) gene at chromo-
some 1q42.13, which is expressed specifically in oligodendrocytes in
parallel with other myelin genes (Menichella et al., 2003). Affected
patients present with clinical features similar to those found in less
severe forms of PMD, accompanied by a mild peripheral neuropathy
(Uhlenberg et al., 2004).Most reported patients presentwith nystagmus,
impaired motor development, ataxia, dysarthria and a movement disor-
der, but have learned to walk, to talk and have normal cognition
(Biancheri et al., 2013; Meyer et al., 2011). Some, however, never devel-
op language and never walk independently (Gotoh et al., 2014); it is
likely that outcomes depend upon the type and location of the mutation
and its effect upon the function of the protein product in specific molec-
ular pathways. Imaging findings are essentially identical to those of PMD
(Steenweg et al., 2010; Gotoh et al., 2014).

POL III related leukodystrophies (POL3) result from mutations of the
polymerase III, RNA, subunit A (POLR3A at chromosome 10q22.3) and
subunit B (POLR3B at chromosome12q23.3) genes, which are suggested
to regulate function of RNA polymerase III and its targets; dysfunction is
thereby suggested to result in decreased expression of certain tRNAs
during development, with impaired synthesis of myelin (and other)
proteins (Gv et al., 2011). POL3 are characterized clinically by varying
combinations of cerebellar ataxia, upper motor neuron signs, dental
abnormalities and hypogonadotropic hypogonadism; intellectual
disabilities are also common (Bernard and Vanderver, 2012; Daoud
et al., 2013). Although it is suggested that affected patients may be clas-
sified as one of five (overlapping) clinical phenotypes (Bernard and
Vanderver, 2012), and some patients with POLR3A mutations are
reported to have 4 H syndrome (Bernard and Vanderver, 2012), a re-
view of the literature suggests that POL3 are characterized clinically
by three major clinical findings (motor dysfunction, dental abnormali-
ties and hypogonadotropic hypogonadism) that are present in varying
combinations together with MRI findings of hypomyelination, along
with cerebellar atrophy and T2 hypointensity of the thalami and/or
pallidum(Gv et al., 2011; Bernard and Vanderver, 2012; Daoud et al.,
2013; La Piana et al., 2014; Wolf et al., 2005, 2007).
MRI

athetosis, dystonia, spasticity.
natal form.

Homogeneous HM on T1, T2.
Decreased FA, RD.
Late atrophy.
Homogeneous HM including brainstem.

MN signs, dental anomalies, Homogeneous HM.
T2 HI of GP and Thalami,
Cb atrophy

s, anomalies of dentition, eyes,
ysarthria, spasticity, ataxia, seizures

Homogeneous HM.
Cb atrophy.
T2 HI GP

tal or childhood, variable delay in
t.

Heterogeneous HM with higher T1 HI T2 HyI
in periventricular WM, progressive atrophy

s, sensorineural hearing loss,
s, nystagmus, choreoathetosis

Regions of heterogeneous T2 HM.
Cb hypoplasia.

tagmus, and extrapyramidal
rs

Homogeneous HM.
Atrophy of putamen N Cb, caudate, cerebral
WM.

tagmus, slowly progressive spastic Isolated HM

ttle hair, icthyosis, short stature,
rphisms

Homogenous HM on T1, T2.
Cb atrophy.

gmus, ataxia, dystonia Homogeneous HM on T1, T2.
Cerebral and Cb atrophy.

essive spasticity of legs, nystagmus,
e impairment

HM on T2 in cerebral WM, pons, ICP, CST, DSC

hypogonadism, UMN= upper motor neuron, HI = Hypointensity, HyI = Hyperintensity,
ebellum, GP-globus pallidus, Thal= thalamus, CST= corticospinal tracts, ICP= inferior Cb
isotropy, RD = radial diffusivity,
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Oculodentodigital dysplasia (ODD) is an autosomal dominant
disorder (sometimes sporadic), caused bymutations of the gap junction
protein, alpha-1 (GJA1) gene at chromosome 6q22.31, which encodes
connexin-43, an abundant transmembrane protein that is an important
building blocks of gap junction channels (which connect the cytoplasm
of neighboring cells) and non-junctional hemichannels in the plasma
membranes of glia (which allow passage of transmitters that comple-
ment gap channel communication) (De Bock et al., 2013). Patients
with ODD have a characteristic facial appearance with a narrow nose,
thin nostrils, small anteverted nares and hypoplastic nasal alae in
N90%, while hands (and sometimes feet) are characterized by syndacty-
ly of the 4th and 5th digits in 80%; microphthalmia or microcornea is
present in ~70% (Paznekas et al., 2009). When teeth erupt, they are
characterized by microdontia and hypoplasia of enamel, while
neurologic examoften reveals spasticity/hyperreflexia, dysarthria, atax-
ia and, sometimes, seizures (usually controlled with medications)
(Paznekas et al., 2009). There appears to be no obvious correlation
between GJA1 genotype and specific ODDD phenotypic features. MRI
findings show hypomyelination with T2 hypointensity of the globus
pallidus and putamen, as well as cerebellar hypoplasia (Pouwels et al.,
2014; Norton et al., 1995; Gutmann et al., 1991)..

Hypomyelination with congenital cataracts is a rare autosomal
recessive disorder caused by mutations of the family with sequence
similarity 126, member A (FAM126A) gene at chromosome 7p15.3,
which encodes hyccin, a protein that appears to be essential for proper
myelination of central and peripheral axons (Zara et al., 2006). Affected
patients are characterized by congenital cataracts, progressive neuro-
logical impairment, and a deficiency ofmyelin in the central and periph-
eral nervous systems (Zara et al., 2006; Biancheri et al., 2007). Original
descriptions considered the bilateral cataracts to be themost important
finding, being present at birth while the neurodevelopmental disabil-
ities evolved over the first two years (Zara et al., 2006). However,
more recent studies have revealed that the cataractsmay not be present
at birth (or become detectable until the second or third year of life or
later (Ugur and Tolun, 2008)) and that themotor findings are extremely
variable in time of onset, despite the presence of similar mutations
(Biancheri et al., 2011). In addition, more recent studies have shown a
specific MRI pattern of hypomyelination with the T2 signal more
increased in the periventricular white matter (as compared with
subcortical and deep white matter), suggesting that MRI may be
important in establishing the early diagnosis (Biancheri et al., 2011;
Traverso et al., 2013).

The 18q deletion syndrome (18q-syndrome) is an autosomal deletion
disorder with variable phenotype depending upon the precise segment
of the distal portion of chromosome 18q that is deleted. Most frequently,
patients have short stature and abnormalities of the brain and head
include mental retardation, microcephaly, midfacial hypoplasia,
hypotelorism, epicanthus, high or cleft palate, and narrow or atretic ear
canals with conductive or sensorineural hearing loss (van der Knaap
and Valk, 2005b). Cognitive abilities vary from borderline to severely de-
ficient, while neurological abnormalities include hypotonia, delayed
motor milestones, seizures, nystagmus, tremor and choreoathetosis
(van der Knaap and Valk, 2005b; Linnankivi et al., 2006). MRI shows a
variable degree of hypomyelination; most commonly, T1 weighted
images are nearly normal, with decreased hyperintensity in the subcor-
tical white matter only, whereas T2 weighted images show the white
matter to be diffusely hyperintense compared to the gray matter of the
cerebral cortex and basal ganglia (van der Knaap and Valk, 2005b;
Linnankivi et al., 2006). According to Linnankivi et al., the white matter
T2 hyperintensity was present in individuals with terminal deletions,
while most of those with interstitial deletions had normal MRIs
(Linnankivi et al., 2006). It is not established whether the T2 changes
represent hypomyelination or astrogliosis associated with accelerated
myelin turnover (Tanaka et al., 2012; Tada and Takanashi, 2014); how-
ever, for the purposes of imaging analyses, 18q- syndrome should be in
the differential diagnosis for MRI appearance of hypomyelination.
Hypomyelination with atrophy of the basal ganglia and cerebellum
(HABC) was recently discovered to be associated with heterozygous
mutations of the tubulin beta 4A (TUBB4A) gene at chromosome
19p13. Heterodimers of α-tubulin and β−tubulin undergo polymeriza-
tion to form microtubules (Simons et al., 2013; Hamilton et al., 2014),
which are critical structures for normal mitosis, neuronal morphogene-
sis, cell migration and for intracellular transport of proteins and neuro-
transmitters (Franker and Hoogenraad, 2013; Etienne-Manneville,
2013; Walczak et al., 2013; Sakakibara et al., 2013). Mutations in HABC
patients seem to affectβ−tubulin at its binding sitewithα-tubulin, sug-
gesting that abnormal heterodimer formation/maintenance or abnormal
heterodimer polymerizationmaybe a root cause of the disorder. Clinical-
ly, HABC is characterized by onset in infancy to early childhood, delayed
development, hypotonia, nystagmus, and extrapyramidal movement
disorders (including dystonia, rigidity and, rarely, choreoathetosis)
(Hamilton et al., 2014; van der Knaap et al., 2007). The most commonly
published TUBB4Amutation, c.745G N A, appears to be found in the least
severely affected patients; other mutations are associated with earlier
onset and an inability to achieve independent ambulation, along with
lower likelihood of achieving speech or social awareness (Hamilton
et al., 2014). Early MRI (b2 years after onset) shows moderate to severe
lack of myelination with a variable degree of putaminal atrophy and
moderate cerebellar atrophy. Subsequent studies show slowly progres-
sive loss of myelin, but more rapidly progressive atrophy of putamen
(which ultimately completely disappears), caudate, corpus callosum,
and cerebellum (Hamilton et al., 2014). It is important to recognize
that the degree of basal ganglia and cerebellar atrophy varies among af-
fected patients; indeed, a recent report describes 5 patients with TUBB4A
mutations who have hypomyelination but normal basal ganglia and cere-
bellum (Pizzino et al., 2014); therefore, TUBB4A mutation screening
should be routinely performed in isolated hypomyelination without a
known cause.

Trichothiodystrophy with photosensitivity (also called Tay syndrome
(Østergaard and Christensen, 1996)) is a rare autosomal dominant
disease caused by mutations of several different DNA repair genes:
ERCC2 (at chromosome 19q13.32) and ERCC3 (at chromosome
2q14.3), which encode the two helicase subunits of general transcrip-
tion/repair factor IIH (TFIIH); and GTF2H5, which encodes the tenth
subunit of TFIIH (Hoeijmakers, 1994; Weeda et al., 1997; Giglia-Mari
et al., 2004; Hashimoto and Egly, 2009). In addition to abnormal brittle,
fraying hair, photosensitivity and ichthyotic skin, most affected patients
present with developmental delay/intellectual impairment, short
stature and craniofacial dysmorphisms such as microcephaly, large
ears, or micrognathia (Faghri et al., 2008). Neuroimaging abnormalities
are uncommonly reported, but include hypomyelination along with
cerebral and cerebellar atrophy (Harreld et al., 2010; Ostergaard and
Christensen, 1996; Porto et al., 2000).

Two groups of patients with hypomyelinating disorders have
mutations of the multienzyme aminoacyl-tRNA synthetase complex
(multisynthetase complex), which consists of the cytoplasmic tRNA
synthetases for multiple amino acids and 3 auxiliary proteins (Wolfe
et al., 2005). Mutations in the RARS gene, coding for cytoplasmic
arginyl-tRNA synthetase gene (at chromosome 5q34), have been
recently identified as the cause of a hypomyelinating leukodystrophy
in 4 patients (Wolf et al., 2014). Mutations of another component of
the multisynthetase complex, cytoplasmic aspartyl t-RNA synthetase
(DARS), causes another disorder called hypomyelination with brain
stem and spinal cord involvement and leg spasticity (HBSL) (Taft
et al., 2013). Possible roles of the multisynthetase complex in these
and other disorders are discussed by Wolfe et al. (Wolf et al., 2014).
Three patientswith RARSmutations presented during thefirst postnatal
year with delayed or stagnated motor development, progressing to
spasticity, dystonia, dysarthria, nystagmus, and mild cognitive impair-
ment. The fourthwasmore severely affected,withmicrocephaly, severe
delay in milestones, feeding problems and achievement of few
milestones (Wolf et al., 2014). On MRI, all had findings of severe
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hypomyelination on T1 and T2weighted images,with atrophy noted on
patient who was imaged in early adulthood. Ten patients with DARS
mutations presented in the first year of life with abnormalities of
muscle tone and delay or loss of motor milestones; three presented
with nystagmus. Over time, all developed progressive spasticity of the
legs, four developed mild cognitive impairment and two developed
epilepsy (Taft et al., 2013). MRIs of patients with DARS mutations
show homogeneously abnormal supratentorial white matter consistent
with hypomyelination, usually with thinning of the corpus callosum, T2
hyperintensity of the ventral pons, ventral medulla, and inferior
cerebellar peduncles in the brain stem, and hyperintensity of the dorsal
columns of the spinal cord (Taft et al., 2013).

Many authors classify sialic acid storage diseases, fucosidosis, and
Cockayne syndrome as HMDs; others include GM2 gangliosidoses in
this category as well (Steenweg et al., 2010). We believe that these
disorders have a secondary failure ofmyelination, resulting fromneuro-
nal or astrocytic dysfunction and do not discuss them in this review.
However, it is important to remember these disorders when a patient
is diagnosed with “hypomyelination” by imaging.

2. Advanced imaging of hypomyelination

Since the earliest days of neonatal MRI imaging, nearly 30 years ago,
T1 and T2weighted spin-echo images have been the primary sequences
utilized to evaluate myelination (Barkovich et al., 1988; Dietrich et al.,
1988; Holland et al., 1986): over the first two years of life, the white
matter of the brain turns progressively brighter on T1 weighted images
(shortening of the T1 relaxation time) and progressively darker on T2
weighted images (shortening of the T2 relaxation time) (Fig. 1). These
changes progress in the same order as the deposition of myelination,
as demonstrated by Flechsig (Flechsig, 1920), Yakovlev and Lecours
(Yakovlev and Lecours, 1967) and Kinney et al. (Kinney et al., 1988);
Fig. 1.Normal T1 and T2 changes associated with the process of myelination; T1 weighted ima
Note that thewhitematter is dark compared to cortex and basal ganglia on the T1 image, and th
limbs of the internal capsules. C and D show images of an 18month old infant. The white matte
only partially occurred on the T2 weighted image (D), where the frontal white matter is largely
hyperintense compared to gray matter on T1, and fairly uniformly hypointense compared to g
therefore, they have been presumed to result from the process of
myelination. The pictures of the brain seen on MRI are composed
exclusively of signal from the hydrogen protons of water molecules.
The different signal intensities are the result of T1 and T2 relaxation pro-
cesses that are known to result from water motion and interactions;
these relaxation processes are affected by the physical structure of the
molecule interacting with the water and the chemical environment
surrounding the water molecules. The amount of water in a voxel, its
mobility, its interaction with large molecules and their functional
groups (especially hydrogen binding as with hydroxyl and ketone moi-
eties) and effects of free electrons as from paramagnetic molecules
(such as iron) have particularly large effects. Interactions of water
with the phospholipid-rich membranes and proteins of myelin and
iron-containing oligodendrocytes would be expected to cause signifi-
cant reduction of T1 and T2 relaxation times (Paus et al., 2001). Howev-
er, it is likely that the T1 and T2 shortening associated with brain
maturation has multiple causes, and the strength of the relative contri-
butions from these causes has never been entirely clear. Do the
functional groups of myelin proteins bind free water and, thereby,
slow its translation and rotation (a direct effect of myelin)? What is
the effect of the binding of the water molecules to functional groups
of proteins being formed as a result of the nearly simultaneous matura-
tion of the axons, dendrites, and synapses? How does the simultaneous
maturation of microtubule-dependent translation of proteins and
neurotransmitters affect the motion of the water molecules that are
bound to them? What does the development of blood vessels and the
associated increase in local vascularity affect water motion? Why are
the changes seen first on T1-weighted images and only later on T2
weighted images: is T1 was more sensitive to the changes in water
motion or do the T1 and T2 changes differ in sensitivity to the many
aspects of the maturation process? All that is known at this time that
disorders that are found on histology to have hypomyelination have
ges are on top and T2 weighted images on the bottom. A and B show images of a neonate.
ewhitematter is bright compared to graymatter on the T2 image, except for the posterior
r has become hyperintense compared to gray matter on the T1 image, but the change has
isointense to cortex. E and F show that at 34months, the white matter is fairly uniformly
ray matter on T2.
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reduced or delayed T1 and T2 shortening on MRI; this appearance of
immaturity should alert the radiologist or clinician to consider
hypomyelination as a diagnosis.

Indeed, the diagnosis of HM disorder is usually initially suggested
when MRI shows a state of myelination that is significantly delayed for
the age of the patient compared with normal standards (Barkovich
et al., 1988; Paus et al., 2001; Barkovich, 2000; van der Knaap and
Valk, 2005c). Occasionally, early illness or prematurity can cause
myelination delay; in these situations, a follow-up MRI in 6 months
will show normalization or a significant “catching up” of myelination
with respect to normal standards. In contrast, MRI of patients with
hypomyelination will show little, if any, change in the MRI appearance.
Inmany patients with HMdisorders, myelination eventually progresses
on MRI, at least transiently, before variably showing myelin loss associ-
ated with progressive atrophy of the cerebellum and cerebral white
matter (Figs. 2, 3).

While the finding of hypomyelination is nonspecific, the finding of
other imaging abnormalities (such as atrophy of the basal ganglia and
cerebellum, Fig. 3) can help to narrow the differential diagnosis. The
differential diagnosis is often further narrowed after obtaining detailed
family history along with developmental history and clinical examina-
tion of affected family members. Final diagnosis is made by genetic
testing, often using whole exome sequencing.

Advances in stem cell technology have shown potential for
stem cell therapy of hypomyelinating disorders (Gupta et al., 2012;
Uchida et al., 2012). In a human trial, quantitative diffusion MRI
in a small cohort of children with Pelizaeus-Merzbacher disease
Fig. 2. Pelizaeus–MerzbacherDisease. T1 sagittal (A) and T2 axial (C) images obtained at age 7m
is more obvious in (C). Follow-up images at age 28 months (B, D) due to clinical deterioration
myelination has developed.
showed changes (increased fractional anisotropy and reduced radial
diffusivity) after stem cell therapy that suggested myelination; a nearly
simultaneous trial of stem cell implantation in hypomyelinating mice
were subsequently proved to be associated with new myelination in
the mice (Gupta et al., 2012; Uchida et al., 2012). Other techniques
that have been useful in assessing myelination in animal models
include proton MR spectroscopy (Takanashi et al., 2002, 2012; J-i
et al., 2013) and magnetization transfer MRI (Dreha-Kulaczewski
et al., 2012). These techniques and their potentials will be briefly
discussed.

2.1. Magnetization transfer imaging

Magnetization transfer (MT) imaging evaluates magnetization
exchange between water protons bound to immobile macromolecules,
such as the large proteins and the lipid bilayers of myelin, and unbound
protons of free water. This technique involves applying a narrow
frequency RF pulse to selectively saturate the bound pool protons but
not those in the free water compartment (Wolff and Balaban, 1989).
Quantification in the form of magnetization transfer ratio (MTR) is
achieved by calculating MTR = (M0 − MSAT)/M0 where M0 is the
magnetization of the liquid (free) water pool (in the absence of
exchange between water protons and those of protons bound to
myelin) and MSAT is the magnetization of water molecules in the liquid
pool exchangingwith those in the macromolecular (bound water) pool
(Graham and Henkelman, 1999; Henkelman et al., 2001). Studies have
revealed that theMT characteristics of cerebral whitematter are caused
onths for nystagmus showa normalmidline in (A) but significant hypomyelination,which
show development of significant atrophy, both supra- and infratentorially. No significant



Fig. 3. Hypomyelination with atrophy of the basal ganglia and cerebellum (HABC) in a hypotonic, 8 month old boy with dystonia and contractures. Axial T1 left) and axial center) and
coronal right) T2-weighted images show insufficient myelination for age. Notice that the lateral walls of the frontal horns are insufficiently convex because the caudate heads are atrophic
and the putamina (arrows) are barely visible.
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primarily by myelin (Stanisz et al., 1999). Reproducibility of MT data
appears to be better than that of myelin water fraction imaging (see
below) (Dula et al., 2010).
Fig. 4. Leukodystrophy due to POL3Amutation (4H syndrome) in a 4.5 year old boy. Axial T1 (A
ening (hyperintensity) in the internal capsules, lateral thalami, optic radiations and corpus call
(C) shows evidence of essentially nomagnetization transfer, whichwould appear as hyperinten
transfer can be quantified, and is used by some as a quantitative marker of myelination.
(These images courtesy of Dr. Steffi Dreha-Kulaczewski, University Medical Center Göttingen,
MTMRI imaging shows that T1 and T2 imaging changes linearly cor-
relate with the amount of MT (Dreha-Kulaczewski et al., 2012; Sled and
Pike, 2001) (Fig. 4). Moreover, MT methods can be quantified through
) and T2 (B) weighted images show profoundly delayed myelination with some T1 short-
osum (A), but virtually no T2 changes of myelination (B). A magnetization transfer image
sity ofwhitematter, as in the agematched control image (D). The amount ofmagnetization

Germany).
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theused of complexmodeling of the liquid and boundpools (see section
on Myelin Water Fraction below) (Sled and Pike, 2001; Levesque and
Pike, 2009). Studies of animal models of demyelination have shown
that bound pool fraction and the MTR correlate well with the quantity
of myelin, but also with the presence of other membranes (in axons
and glia) (Bjarnson et al., 2005; Blezer et al., 2007; Odrobina et al.,
2005; Schmierer et al., 2007), suggesting (Schiffmann and van der
Knaap, 2009) that MT imaging is sensitive but not specific in the assess-
ment of myelination, but also (Steenweg et al., 2010) that it may assess
myelin development more accurately than inflammatory demyelination
because quantification of the latter would be altered by the effects of
the associated inflammatory cells. Indeed, quantitative MT imaging
has been proven useful in quantifying brain maturation (both
myelination and other aspects of development) in normal development
(Nossin-Manor et al., 2012, 2013) and in hypomyelinating disorders
(Dreha-Kulaczewski et al., 2012). Thus,MT imaging has strong potential
for quantifyingmyelination in patients with HMDs and in assessing the
efficacy of treatments.

2.2. Myelin water fraction

Quantitative T1 and T2weighted imaging has beenused in an attempt
to make MRI relaxometry (increasing T1 hyperintensity and T2
hypointensity) more specific. The most useful approach is the multiple
component, myelin water fraction (MWF) method, which assumes that
T1 and T2 signal curves seen in imaging voxels are a mixture of signals
from several distinct tissue environments that have different T1 and T2
characteristics resulting from the unique microstructure(s) that the
water protons encounter in these different environments during the
image acquisition (Mackay et al., 1994; Menon et al., 1991). Multiple
component analysis is used to separate and quantify each component
of T1 and T2 relaxation in order to better understand and quantify the
contribution of myelin. This can be accomplished by acquiring spin
echo relaxation data using a wide range of repetition (TR) and echo
(TE) times (Whittall et al., 1997; Labadie et al., 2014). Using a least
squares approach to fit a semicontinuous log T1 or T2 distribution to
the sampled data, a bi- or trimodal profile is revealed: (Schiffmann and
van der Knaap, 2009) a short T1 or T2 peak attributed to water trapped
betweenmyelin bilayers; (Steenweg et al., 2010) a peak with intermedi-
ate T1 or T2 relaxation time attributed to intracellular and extracellular
water; and (Schiffmann et al., 1994) a long T1 or T2 peak attributed to
CSF (Labadie et al., 2014; MacKay et al., 2006). The MWF is defined by
the ratio of the area under the short T1 or T2 peak to the area under the
total T1 or T2 distribution, respectively. This method has been shown to
correlate strongly with assessments of myelin by histology (Whittall
et al., 1997; MacKay et al., 2006; Gareau et al., 2000). Unfortunately, the
utility ofMWF imaging has been hampered to date by lengthy acquisition
times; new approaches using new techniques such as mcDESPOT may
make this methodmore feasible (Deoni and Kolind, 2015), but questions
regarding the specificity of this technique remain (Lankford and Does,
2013).

2.3. Diffusion imaging

In diffusion tensor imaging (DTI), strong gradient pulses are applies
to a sample in order to assess the direction andmagnitude of watermo-
tion in tissue. Themajor parametersmeasured are: (Schiffmannand van
der Knaap, 2009) fractional anisotropy (FA), assessing the degree of par-
allel motion of water molecules; (Steenweg et al., 2010) radial diffusiv-
ity (RD), assessing motion perpendicular to the axon; and (Schiffmann
et al., 1994) axial diffusivity (AD), assessing motion parallel to the
axon. FA= 1 is defined as the (theoretical) state where all water mole-
cules move in parallel, while FA = 0 is defined as that state where all
water motion is completely random. As myelin is hydrophobic and en-
larges the effective diameter of the axon, myelination would be expect-
ed to increase FA, reduce RD, and have little effect upon AD (Dubois
et al., 2006, 2014; Vasung et al., 2013). Experiments in mouse models
of hypomyelination have supported these concepts, with the RD chang-
es being the largest (Harsan et al., 2006; Ruest et al., 2011; Song et al.,
2002). The accuracy of information can be increased by the use of ad-
vanced diffusion imaging techniques: high angular resolution diffusion
imaging (HARDI) with multiple b values are optimal, but these require
strong magnetic fields and rather long examination times (Jones et al.,
2013).

The ultimate goal of diffusion imaging is to be able to quantify
myelin formation based upon FA and RD values. Progress has been
made. Increases in RD have been shown to correspond to reversible
hypomyelination in hsv-tk1 mouse models (Harsan et al., 2006). Shi
mice transplanted with human neural stem cells showed increased FA,
and human subjects with PMD showed decreased RD and increased
FA after transplantation with human neural stem cells (Pouwels et al.,
2014). Overall, however, the quantification of myelination has not
been successful. Among the many reasons for this are the size of the
voxels used in human imaging, which are many orders of magnitude
larger than the size of the axons (Pierpaoli and Basser, 1996), perturba-
tions of water motion by brain many structures other than myelin
(Hüppi et al., 1998; Prayer et al., 2001; Wimberger et al., 1995), and
the non-Gaussian distribution of watermotion (DTI assumes a Gaussian
distribution). Although the latter issue can be addressed by use of diffu-
sion kurtosis imaging (Jensen and Helpern, 2010), the other issues are
significantly more difficult to address. Nonetheless, although processes
other than myelination affect water motion, myelin is likely the most
dominant effect in patients beyond the first few months of life; there-
fore, results from diffusion techniques, together with magnetization
transfer, are fairly specific techniques for its quantification and will
almost certainly get better.

2.4. Proton MR spectroscopy

Proton MR spectroscopy (MRS) is an analytical tool that has been
used for many decades in analytical chemistry to determine the struc-
ture ofmolecules basedmainly on analysis of the influence of surround-
ing electrons upon the magnetic field that is felt by each proton in the
molecule being investigated (chemical shift) and the effect of neighbor-
ing nuclei on splitting of the peak (spin–spin coupling). These two
factors give each molecular compound a specific NMR fingerprint.
Moreover, the area under the MRS peak gives the concentration of the
compound, allowing quantitative assessment of molecular concentra-
tions (Barker, 2010; Ernst, 2010). Unfortunately, many protons in
biologically important chemicals cannot be seen on in vivoMRS because
they have T2 relaxation times that are too short or concentrations too
low to allow them to be analyzed by MRI machines that are used for
medical diagnoses. Analyses are, therefore, limited to the few chemical
compounds that can be adequately assessed: N-acetylaspartate (NAA),
glutamate, glutamine, succinate, aspartate, creatine, choline, lactate,
glycine, branched chain amino acids and myo-inositol. Unfortunately,
these compounds are not specific for myelin and their size does not
give any direct information regarding the quantity of myelin in the
areas being sampled.

In vivo MRS of myelin is complicated by the complexity of myelin
structure, with its many protein and lipid components and by the very
short T2 relaxation times of many of the protons being investigated
(Wilhelm et al., 2012). MRS of myelin, as a result, gives a broad peak
that overlaps with peaks from other membranes and, therefore, relies
almost solely upon the T2 relaxation time (actually T2* relaxation
time (Wilhelm et al., 2012)) for identification; this makes in vivo
identification by MRI machines very difficult and, even if possible,
could lead to other compounds being falsely identified as myelin
(Wilhelm et al., 2012).

Studies of patients with HMDs and animal models of HMDs, howev-
er, have shown some characteristic findings. Patients with the classic
form of PMD have abnormally large NAA and NAAG peaks (Takanashi
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et al., 2002; Hanefeld et al., 2005). This likely results from an unfolded
protein response triggered by the abnormal proteolipid protein
moieties that accumulate in the endoplasmic reticulum in these pa-
tients; injury/apoptotic death of oligodendrocytes ensues (Dhaunchak
et al., 2011). AsNAA ismetabolized to acetate and aspartate in oligoden-
drocytes (Benarroch, 2008), their loss results causes accumulation of
NAA and its elevated concentration results in an increased amount
being converted to NAAG, which has a nearly identical chemical
shift (Barker, 2010) and results in a visible increase in “total NAA”
(Takanashi et al., 2012). Analysis by high pressure liquid chromatogra-
phy in the msd mouse showed the presence of both increased NAA
and NAAG, strongly supporting this theory (Takanashi et al., 2012).

In summary, although judicious use of MRS is useful in helping the
understanding of some hypomyelinating disorders, and the demonstra-
tion of an enlarged NAA/NAAG peak can be helpful to diagnose PMD,
MRS seems unlikely to provide additional diagnostic information or to
help to quantify myelination in the near future.

3. Conclusion

Hypomyelinating disorders are a heterogeneous group of diseases
affecting the developing brain and, often, other organs as well. They
are considered as a group because nearly all are referred for MRI due
to their nearly ubiquitous neurological and/or developmental disorder.
The uncommon finding of hypomyelination, if recognized, can marked-
ly reduce the time and expense of the metabolic work-up. Understand-
ing these disorders can aid in counseling patients and their families and,
perhaps, developing and testing therapies.
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