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Introduction

Polyols are common metabolites of carbohydrates that are
generated in all body tissue, but are found in higher con-
centration in brain than in other organs.1 Polyols are formed
by the reduction of sugars, particularly the mono and dis-
accharides. Most polyols are formed either from the direct
reduction of glucose and galactose or from pentose sugars
that are produced from the pentose phosphate shunt. The
role and metabolism of polyols are unclear. To date, only a
few enzymes have been shown to be important in their

metabolism and several membrane-spanning proteins are
believed to be involved in their transport.1,2 Mutations in
eight enzymes have been linked to human disease. These
include ribose-5-phosphate isomerase deficiency, enzymes-
associated galactosemia, transaldolase deficiency, sorbitol
dehydrogenase, L-arabitol dehydrogenase, and sedoheptu-
lokinase.1,3–8 Defects in any of these enzymes are rare, with
galactosemia being the most common and presents in
infancy with lethargy, vomiting, diarrhea, and jaundice.3

The others cause a variety of symptoms, most of which are
due to accumulation of the polyol in tissue resulting in
damage to liver, gastrointestinal, retina, and both peripheral
and central nervous system (CNS).
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Abstract Disorders of carbohydrate metabolism resulting in accumulation of polyols in body
fluids were first described in the early 1990s by van der Knapp et al, but this diagnosis
remains rare with very few patients reported with primary neurological phenotypes.
We present a child with a presumed polyol disorder whose clinical course was similar to
two of the original five patients and who had similar findings in quantification of urinary
polyols. In addition, we document details of central nervous system pathology in this
rare metabolic disorder. The basic pathology is that of a neurodegenerative disorder
with hypomyelination leukodystrophy consequent to a defect of oligodendroglia and
resultant axonal and neuronal loss.
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Polyols can be elevated in disease processes with
deranged carbohydrate metabolism such as diabetic ketoa-
cidosis and galactosemia. The presence of elevated polyols
has been most closely associated with diabetic peripheral
neuropathy and retinopathy,9,10 but has been less fre-
quently associated with primary liver or neurological dis-
orders including multiple sclerosis.3,7,11 The mechanism of
tissue changes related to polyols in diabetics has not been
well elucidated.9,10,12 A few studies have also described
elevation of myo-inositol and other polyols in children with
trisomy 2113 and affective disorders.14 Because of emerging
evidence of the potential effect of polyols in white matter of
CNS, van der Knapp et al began studying the polyol body
fluid concentration of patients referred to their center with
undiagnosed leukodystrophies.8,15,16 From their investiga-
tions, five patients were described, each with somewhat
different clinical presentations. As only five patients have
been reported with primary CNS-related polyol abnormal-
ities in over 18 years, these disorders are apparently extre-
mely rare.

As a rare and currently untreatable disorder, evaluation of
polyols in patients with profound cognitive disabilities and
early onset seizures is not routinely performed.We present a
new case of a possible polyol disorder that is similar to the
two cases of neonatal onset epilepsy and profound develop-
mental delay that were reported by Huck et al.16 In addition
to presenting the clinical case and imaging data, we docu-
ment thefirst description of unique pathologicalfindings in a
child with profound epileptic encephalopathy from a sus-
pected polyol disorder.

Results

Case History: The patient was born at 35 weeks gestation by
C-section to a 25-year-old mother. A previous pregnancy had
resulted in a fetal demise (female fetus) at 37 weeks; no
autopsy was done. Parents were not consanguineous and
there was an older healthy brother. On day 1 of life, the baby
developed apneic seizures and required ventilatory support.
The seizures accelerated into status epilepticus. She failed
numerous antiepileptic drugs (phenobarbital, phenytoin,
levetiracetam, topiramate, zonisamide, vitamin B6, pyri-
doxal phosphate and folinic acid) and the seizures were
not controlled until a ketogenic diet was started at 2 weeks
of life. It was gradually advanced to a 3:1 ratio (daily grams of
fat:grams of carbohydrate and protein).

Three months later while on a 4:1 ratio, she stopped
seizing for a month before daily seizures returned. The
seizures changed into brief versive seizures of eye blinking
and head deviation without apnea. Her electroencephalo-
graphies (EEGs) were always abnormal, beginning with
multifocal discharges but becoming hypsarrhythmic with
electrodecrements in association with clinical spasms. Mul-
tifocal partial seizures were also captured on EEG. Further
trials with steroids, gabapentin, rufinamide, oxcarbazepine,
and lamotrigine were unsuccessful. She was managed for
most of her life on a combination of phenobarbital, pheny-
toin, vigabatrin, B-6, and the ketogenic diet.

On physical examination, shewas normocephalic at birth,
but became increasingly microcephalic over time. She had
short upper extremities and ulnar deviation of her hands.
Her palate was highly arched, but she was otherwise non-
dysmorphic. There was no organomegaly or neurocutaneous
stigmata. Over time, she developed contractures, spasticity
of the extremities, lowaxial tone, and kyphoscoliosis. During
her life, she never gained any significant developmental
milestones and remained in an infantile state. She died
from a respiratory illness at age five.

Diagnostic Studies

Search for anexplanation of thisprofoundepileptic encephalo-
pathy included extensive neurometabolic, muscle, and single
gene testing all of which were essentially normal. Hypothyr-
oidism was diagnosed on Neogen screen. Magnetic resonance
imaging (MRI) at 1 month of age initially suggested cortical
migrational disorder (►Fig. 1A–C—white arrow) with cortical
thickening and thin corpus callosum (►Fig. 1C—arrows), but
these were not seen on later imaging (►Fig. 1D–F). Instead,
progressive decrease in white matter volume was noted
(►Fig. 1D–E; � in white matter). Magnetic resonance spectro-
scopy showed a decrease in N-acetylaspartate suggesting
neuronal loss; lactate was never elevated (images not shown).

Urine polyols were mildly abnormal when first tested at
age 2 (reported in units of mmol/mol creatinine): arabitol
123.1 (32–88), erythritol 11.9 (55–192), ribitol 10.9 (8–24),
xylitol 9 (5–49), and galactitol 1.8 (3–81). Further polyol
testing when this child was 4 years old showed that
urine polyols were now significantly elevated: arabitol 225
(32–88), erythritol 86 (55–192), ribitol 16 (8–24), xylitol 157
(5–49), sedoheptulose 0 (<1), sedohepitol 0 (<1). A diagnosis
of suspected polyol disorder was made.

Postmortem Examination

The postmortem examinationwas done at the local hospital by
Dr.Hassoun.Thebrain, spinal cord,eyes, andmusclewereplaced
in formalin and transported to The Children’s Hospital of
Philadelphia. Tissues were embedded in paraffin and stained
with hematoxylin and eosin, by the Klver technique (cresyl
violet-luxol fast blue) for the evaluation of myelin. Bodian silver
stains for axons and neurons, and for expression of various
antigens by use of immunoperoxidase procedures. Three anti-
bodies were used including neurofilament protein (NFP; Invi-
trogen, Waltham, MA, United States), glial fibrillary acidic
protein (GFAP; Dako, Santa Clara, CA, United States), and
CD163(formacrophages;Vector,Burlingame,CA,UnitedStates).

In addition, specimens of cerebral and cerebellar white
matter were post-fixed in osmium tetraoxide for ultrastruc-
tural study. The eyes were sent to Dr. Eagle.

Pathological Findings

The brain was severely atrophic (expected unfixed weight
1214 g; actual fixed weight 811 g) and had a dolichocephalic
configuration (►Fig. 2A). Optic nerves and chiasmwere small
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and gray. Cerebellum and brain stemwere also small and folia
were sclerotic. Cerebral gyral pattern was normal and the
cortical ribbon was of normal thickness. There was a striking
reduction in volume of white matter throughout the hemi-
spheres, particularly in the centrum semiovale and corpus
callosum (►Fig. 2A, circle and arrow). The internal capsule
appeared more normal in thickness (►Fig. 2A, arrowhead).
Deep gray nuclei and hippocampi were recognizable
(►Fig. 2A, inside internal capsule). Cerebral peduncles and
descending cortical tracts in pons, medulla, and spinal cord
were smaller than normal (not shown). Cerebellar white
matter was relatively greater in volume than cerebral white
matter (not shown).

Themicroscopic abnormalitieswere unusual anddidnotfit
a pattern of any previously described gray or white matter
disorders. The findings (►Fig. 2B–H) included changes
throughout the neuroaxis. Most prominently, were the cere-
bral alterations inbothgrayandwhitematter structures. There
was severe neuronal loss of pyramidal and dentate cells of
hippocampus, subiculum, and presubiculum with associated
severe gliosis (►Fig. 2B). There were apical dendrites present
on cortical pyramidal cells by NFP staining (►Fig. 2C). In the
white matter, there were vanishingly few myelinated fibers
and diffuse hypocellularity (►Fig. 2D–F from corpus callo-

sum). Themajorityofcells appeared tobeoligodendrogliawith
no obvious astrocytic proliferation (no gliosis as evidenced by
GFAP, ►Fig. 2G) or macrophage response (as evidence by
CD163 marker, ►Fig. 2H) with some regions displaying a
spongy state (►Fig. 2, Klüver stain [2E], and Bodian stain
[2F]). There was a marked paucity of axons throughout the
whitematter (►Fig. 2F). Theremainingmyelinatedfiberswere
highlighted by Klüver stain (►Fig. 2E).

In the deep gray structures, there was poorly defined
architecture of thalamic nuclei and basal ganglia. In the
cerebellum, a chronic loss of Purkinje and basket cells
unassociated with Bergmann gliosis was observed. Finally,
in the spinal cord, dystrophic axons were present in both
Clarke’s column and nucleus gracilis.

There was no obvious muscle pathology. Both eyes dis-
played atrophy of the retinal ganglion cell and nerve fiber
layers. Use of stains for axons and myelin showed almost no
axons or myelin sheaths in the optic nerves. Cataracts were
not identified (not shown).

Ultrastructural Features

Electronmicroscopyof sections fromthewhitematter showed
paucity of myelinated axons (►Fig. 3A–C). Themajority of the

Fig. 1 Magnetic resonance imaging of the brain at 1 month and 2 years of age. For both ages, representative T2 axial (A,D), T2 flair (B, E), and T1
sagittal (C, F) images are shown. Asterisks and arrows show changes in white matter volume and signal (A, B, D, E). Atrophy of brain with
enlarged ventricles and sulci is present. Thin corpus callosum is observed at both ages (C, F).
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field was replaced by either thinly myelinated axons or by
circular myelin-like membranous profiles of diameters ran-
ging from 3 to 15 microns that lacked axons (►Fig. 3A–C,
arrows). Processes of glial cells containing intermediate fila-
ments, as in reactive gliosis, were not seen. Similarly, macro-
phages containing myelin debris were not seen (see
both ►Fig. 3). The integrity of axons was difficult to evaluate,
due to fixation–preservation issues. However, axons with

Fig. 2 Gross pathology and histopathology of the autopsy specimen.
An extensive autopsy examination of the brain, eyes, and spinal cord
was performed. Comprehensive immunohistochemical analysis of the
different brain regions was examined and reported. A few represen-
tative images highlighting the unique findings of this case are
presented. (A) Gross coronal section of the cerebral hemispheres,
showing marked reduction in volume of centrum ovale (dotted circle)
and width of the corpus callosum (arrow). The internal capsule is of
relative normal size (arrow heads). White matter appears myelinated.
(B) Hematoxylin and eosin stained section of the hippocampus
demonstrating neuronal loss (arrows). (C) Neurofilament protein
staining of frontal cortex highlighting pyramidal neurons. (D–F)
Histological images from sections through the corpus callosum,
hematoxylin and eosin (D). A paucity of myelinated fibers is present on
Klüver stain (E, arrows). The same area of corpus callosum shows
fragmented axons on Bodian stain (F, arrows). Lack of astrogliosis and
macrophage response was highlighted by glial fibrillary acidic protein
(G) and CD163 (H) stains, respectively. Image B at 25�magnification,
image C at 100 � , and images D–H at 200� magnification.

Fig. 3 Electronmicroscopic imagesofwhitematterat lowpower (1800x;A)
and higher magnification (7100x; B). There is preservation of the neurofi-
laments in the myelinated axon. Single arrow (B) shows disruption of myelin
structure and areas of “myelin figures” and amorphousmaterial. The double
arrow demonstrates myelinated processes in which the axon is replaced by
myelin figures, likely due to fixation. Unusual “honey-comb” like profiles
between myelinated axons are shown in (C) (28,000x magnification).
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intact neurofilaments were seen surrounded by disrupted
myelin and amorphous deposits (►Fig. 3C).

Unusual “honey-comb” or “zipper-like” profileswere seen
between adjacent myelinated axons (►Fig. 3C). The length of
these unusual profiles was 250 nm on average (►Fig. 3C),
while each unit composing the “honey-comb” measured 25
to 50 nm. These unusual profiles were restricted to areas of
adjacent myelin sheaths and might represent artifact of
fixation or an unusual “lesion” of myelin associated with
polyol dysregulation.

Oligodendrocytes, identified by nuclear size and chroma-
tin pattern, had cytoplasm which was virtually empty of the
usual organelles, that is, mitochondria, Golgi apparatus, and
microtubules. However, considering the known sensitivity of
oligodendrocytes to fixation and processing artifact, it is
difficult to interpret this observation.

Discussion

Primary disorders of polyol metabolismwere first described
in 1999 by van der Knapp et al in a boy who developed
epilepsy at age 4 years in the setting of moderate develop-
mental delays. The seizures became intractable and the
patient followed a regressive course characterized by dete-
rioration of speech, vision, and motor functions. The MRI
showed diffuse T2 prolongation in white matter.17 Subse-
quent screens for polyols in urine, blood, and cerebrospinal
fluid in over 100 patients led to discovery of four additional
patients with abnormalities of polyols.8,16 Two of these four
children had neonatal onset of epilepsy and profound devel-
opmental disabilities very similar to our patient. The urine
polyol findings as well as their imaging characteristics were
also similar to those observed in our reported child. The
other two patients described by van der Knapp et al had
completely different phenotypes: one had childhood onset
epilepsy without developmental regression and the other
hepatosplenomegaly without a neurological component.16

Subsequently, several disorders linked to polyol dysmetabo-
lism have been described, with the genetics of a few
described. The neuropathology of this condition has not
been presented. Here, we describe novel neuropathology
in a patient with a profound epileptic encephalopathy with
abnormal polyol metabolites in two samples, 2 years apart.

Detailed postmortemfindings of our 5-year-old childwith
early-onset intractable epilepsy, profound hypotonia, lack of
meaningful development and MRI, and pathological docu-
mentation of paucity of white matter suggest that polyol
dysmetabolism interferes with myelination due to abnorm-
alities in oligodendrocytes. Polyol dysmetabolism was
speculated, in a review of leukodystrophies by Schiffmann
and van der Knaap, to cause a primarymyelin disorder.18 The
finding of hypomyelination is suggested by no evidence of
myelin breakdown, specifically, the absence of macrophages
on light microscopy, lack of expression of CD163 (a macro-
phage marker), and no gliosis. The metabolic consequences
of polyol build up are not known, but the ultrastructural
finding of abnormal morphology of oligodendroglia, the cells
responsible for myelin formation, suggests that increasing

levels of polyol metabolites are toxic for such cells. With
diffuse neuronal loss also present on neuropathology, we
cannot state if the effects of polyol dysmetabolism are some-
what specific for oligodendroglia, with secondary axonal and
neuronal loss or if polyol accumulation is diffusely toxic to
the brain and peripheral nervous system.

One unique pathological finding on the ultrastructural
studies was the presence of “honey-comb” or “zipper-like
profiles.” The significance of these structures remains to be
defined as such structures have not been observed in CNS of
any other individuals with hypomyelinating disorders.
Although hypomyelination in the nervous system of our
patient is similar in some respects to cerebral hypomyelina-
tion syndrome (vanishing white matter disease) and Peli-
zaeus-Merzbacher disease (PMD), it differs in that axons are
present in those two disorders but were difficult to find in
our patient.19–21Moreover, PMD and vanishing whitematter
disease are both associatedwith astrocytosis and presence of
fat-filled macrophages, conspicuously absent in our patient.
However, demonstration of neuronal loss in retinal epithe-
lium, Purkinje and basket cells of the cerebellum along with
devastating absence of axons force consideration that the
underlying pathology is more complex than one caused only
by malfunction of oligodendroglia.

The pathophysiological changes that occur with accumu-
lation of polyols are not well-understood. Studies in hyper-
glycemia, diabetic polyneuropathy, and galactosemia
suggest that accumulation of polyols within cells results in
increased intracellular osmoles bringing excessivewater into
tissue resulting in tissue swelling and cell death.9,10,12 In
diabetics and patients with galactosemia, this mechanism is
thought to explain the peripheral neuropathy, cataracts, and
retinopathy.9,10,12,22 On the basis of the mechanism pro-
posed for diabetes and galactosemia, we hypothesize that
greater accumulation of polyols occurs within premyelinat-
ing oligodendrocytes or Schwann cells resulting in the
absence of myelin found on serial MRIs and confirmed
postmortem in the CNS of our patient.

It is possible that the very low carbohydrate content of the
ketogenic diet used to treat this child’s epilepsy delayed the
accumulation of the polyols in the urine. Therefore, the initial
tests obtained at age 2 years were just mildly elevated, and it
was not until they were repeated at age 4 years that a
diagnosis was made. It is also possible that the elevated
urine polyols are completely unrelated, but the clinical
phenotype fits withinwhat is currently known as the “polyol
disorder umbrella.” The pathology of such a case has not
before been reported, and it is unique and interesting.

There are a few limitations of this case report that should be
noted. First, whole exome sequencing was not performed, and
only single gene testing for genes known to cause epilepsy at
the time was sent. Unfortunately, this patient passed prior to
the large-scale use of massively parallel sequencing as a major
method for diagnosis in infants with unknown conditions, so
we are unable to perform this analysis on this patient. A second
limitation,whilenot typicallyperformedclinically, is the lackof
direct CNS proof of altered polyol metabolism, either from
cerebrospinalfluidpolyol levelsordirect tissuemeasurements.
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A third limitation is the polyol elevations in our patient were
not as high as some articles have reported. However, the levels
in our patient were above the normal range and the pattern of
elevation was consistent between two samples 2 years apart.
Evenwith theselimitations, as this is thefirst caseofaprofound
epileptic encephalopathy with possible polyol disorder with a
postmortem examination, it is clear that much remains to be
learned regarding the pathophysiology, molecular pathways,
and genetics in the pathogenesis of this disorder.
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