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    Abstract
BACKGROUND AND PURPOSE: Brain imaging is an integral part of the diagnostic work-up for metabolic disorders, and the bedside availability of cranial ultrasonography (cUS) allows very early brain imaging in symptomatic neonates. Our aim was to investigate the role and range of abnormalities seen on cUS in neonates presenting with metabolic disorders. A secondary aim, when possible, was to address the question of whether brain MR imaging is more informative by comparing cUS to MR imaging findings.
MATERIALS AND METHODS: Neonates with a metabolic disorder who had at least 1 cUS scan were eligible. cUS images were reviewed for anatomic and maturation features, cysts, calcium, and other abnormalities. When an MR imaging scan had been obtained, both sets of images were compared.
RESULTS: Fifty-five infants (35 also had MR imaging) were studied. The most frequent findings were in oxidative phosphorylation disorders (21 cUS and 12 MR imaging): ventricular dilation (11 cUS and 6 MR imaging), germinolytic cysts (GLCs; 7 cUS and 5 MR imaging), and abnormal white matter (7 cUS and 6 MR imaging); in peroxisomal biogenesis disorders (13 cUS and 9 MR imaging): GLCs (10 cUS and 6 MR imaging), ventricular dilation (10 cUS and 5 MR imaging), abnormal cortical folding (8 cUS and 7 MR imaging), and lenticulostriate vasculopathy (8 cUS); in amino acid metabolism and urea cycle disorders (14 cUS and 11 MR imaging): abnormal cortical folding (9 cUS and 4 MR imaging), abnormal white matter (8 cUS and 8 MR imaging), and hypoplasia of the corpus callosum (7 cUS and 6 MR imaging); in organic acid disorders (4 cUS and 2 MR imaging): periventricular white matter echogenicity (2 cUS and 1 MR imaging); and in other disorders (3 cUS and 1 MR imaging): ventricular dilation (2 cUS and 1 MR imaging). cUS findings were consistent with MR imaging findings. cUS was better for visualizing GLCs and calcification. MR imaging was more sensitive for subtle tissue signal intensity changes in the white matter and abnormality in areas difficult to visualize with cUS, though abnormalities of cortical folding suggestive of polymicrogyria were seen on cUS.
CONCLUSION: A wide range of abnormalities is seen using cUS in neonatal metabolic disorders. cUS is a reliable bedside tool for early detection of cysts, calcium, structural brain abnormalities, and white matter echogenicity, all suggestive of metabolic disorders.

Metabolic disorders are individually rare and often a diagnostic challenge. Many present in the neonatal period with encephalopathy and nonspecific symptoms, such as lethargy, floppiness, poor feeding and vomiting, apnea or tachypnea, seizures, metabolic disturbance, or dysmorphic features.1,2 Recent advances in diagnosis and treatment have substantially improved the prognosis for some of these disorders,1,2 making early diagnosis important for the prevention of death or long-term sequelae.
Neuroimaging forms a part of the investigation of neonates with metabolic disorders. MR imaging is generally considered the optimal technique.3,4 However, there is a substantial overlap and a lack of specificity in the pattern of imaging findings in neonatal metabolic disorders,3,4 and MR imaging may not be readily available on admission to a neonatal unit, and infants are often too unstable to be sedated and transported at this time. Cranial ultrasonography (cUS) can be performed bedside, is safe, and can be easily repeated. If performed by an experienced person using a modern scanner with optimal techniques and settings, it is very good for detecting most structural brain abnormalities, destructive lesions, and often more subtle tissue abnormality.5–7
Metabolic disorders can be difficult to diagnose, and recognition of characteristic neuroimaging features is very helpful in the diagnostic process.8,9 Structural brain abnormalities and more acute changes detected on cUS scan in metabolic disorders have been described in individual case reports,10–26 but there is no large study systematically reviewing these imaging findings and their accuracy or comparing them with MR imaging. The aim of this study, therefore, was primarily to investigate the role and range of abnormalities seen on cUS examination in a wide range of metabolic disorders that present during the neonatal period; a secondary aim, when possible, was to address the question of whether brain MR imaging is more informative by comparing cUS to MR imaging findings.
Materials and Methods
Patients
Infants born between September 1992 and May 2005 and seen at either the Hammersmith and Queen Charlotte's Hospitals (London, UK) or the Wilhelmina Children's Hospital/University Medical Center Utrecht (the Netherlands), who were diagnosed with a metabolic disorder presenting in the neonatal period and who had at least 1 cUS scan, were eligible for this study. Most of the infants also had a brain MR imaging examination. MR imaging was performed for different indications, including suspected metabolic disorder or hypoxic-ischemic encephalopathy, and because of the abnormalities detected on cUS. Reasons for not performing MR imaging included clinical instability or early death of the infant; some of the infants seen in the early 1990s did not have MR imaging, because it was not such a routine procedure or so readily available at that time. The diagnosis of a metabolic disorder was based on the history, clinical presentation, and examination and was confirmed by a broad range of appropriate biochemical tests. Clinical data were extracted from the infants' notes. The infants were divided into groups according to the classification of metabolic disorders, that is, disorders of oxidative phosphorylation, peroxisomal biogenesis disorders, disorders of amino acid metabolism and urea cycle defects, organic acid disorders, and others.
The following clinical parameters were documented: gestational age, sex, birth weight, head circumference, Apgar scores, cord pH, neurologic status, and occurrence of seizures. The age (days) at cUS examination and MR imaging and time interval (days) between them was documented.

Neuroimaging
cUS.
cUS examination was in most cases done by neonatal neurologists experienced in performing and interpreting neonatal cUS scans (F.M.C. and L.S.d.V.) using a standard protocol. Scanning was done as part of the clinical work-up of the infants using an ATL Ultramark-4 mechanical sector scanner (Advanced Technology Laboratories), with 5.0- and 7.5-MHz probes (Philips Medical Systems, Best, the Netherlands), an Acuson Antares scanner (Siemens Medical Solutions, Bracknell, UK), or an Aplio XG scanner (Toshiba Medical Systems, Zoetermeer, the Netherlands), both with multifrequency transducers. In both centers, it is a routine standard of care that all infants admitted to our neonatal units have a cUS scan as part of their clinical work-up. All of the scans were retrospectively evaluated (F.M.C., L.M.L., and L.S.d.V.) for gyral configuration, presence, size and shape of corpus callosum, cerebellum, cavum septum pellucidum, size of extracerebral space, interhemispheric fissure and ventricles, presence of hemorrhage, germinolytic cysts (GLCs), and lenticulostriate vasculopathy (LSV), and the appearance of the white matter, deep gray matter, and cortex. We used GLC (often called subependymal cysts, germinal matrix cysts, or subependymal pseudocysts) to describe cysts around the anterior horns of the lateral ventricles, in the caudothalamic groove, and along the ventricular margins but not for cysts in white matter, adjacent to the lateral ventricles. Some of the more anteriorly located cysts are often referred to as the subependymal pseudocysts, and those in the caudothalamic groove are often called caudothalamic cysts, but for the purposes of this study we will refer to them as GLCs. LSV was defined as linear echogenicity in the basal ganglia in a vascular distribution. If several cUS scans were obtained, the initial findings and subsequent different findings were described.

MR Imaging.
MR imaging was done as part of the neuroimaging work-up in infants. Ethical approval was given by the Hammersmith Hospitals Research Ethics Committee and Medical Ethical Committee of the University Medical Center Utrecht for the MR imaging study. Parental consent was always obtained. The infants were scanned with a 1.5T Eclipse scanner, a 3T Intera scanner, or a 1.5T ACS-NT system (Philips Medical Systems). All of the infants were sedated.27–29 Heart rate and oxygen saturation were monitored, and an experienced neonatologist was always present. Standard T1- and T2-weighted spin-echo and often diffusion-weighted images were obtained. All of the MR imaging scans were retrospectively evaluated by M.A.R. and F.G. as for the cUS and in addition for myelination and signal intensity of the white matter and deep gray matter.



Results
Patients
During the study period, 55 infants (38 male and 17 female) were diagnosed with a metabolic disorder. Median gestational age was 40.1 weeks (range, 30.0–42.6 weeks), median birth weight was 2895 g (range, 920-4060 g), and median head circumference was 33.9 cm (range, 25.0–38.5 cm). Median Apgar scores were 6 (range, 1–9), 8 (range, 3–10), and 9 (range, 5–10) at 1, 5, and 10 minutes, respectively; median cord pH was 7.18 (range, 6.78–7.31).
Forty-eight infants presented with poor responsiveness (87%), 44 with hypotonia (80%), and 35 with poor feeding (64%). Thirty-seven infants (67%) had seizures at a median age of 3 days (range, 1–61 days; Table). Nine infants (16%) were suspected of having hypoxic-ischemic encephalopathy.
View this table:	View inline
	View popup



Clinical and cUS and MRI findings in different groups of metabolic disorders



cUS performed bedside showed ventricular dilation in 44% of the infants, GLCs in 38%, abnormal cortical folding in 36%, abnormal white matter in 35%, LSV in 29%, an absent hin corpus callosum in 24%, widened extracerebral space and interhemispheric fissure in 20%, abnormal basal ganglia and thalami in 18%, and an abnormal appearance of the cerebellum in 16%. No evidence of other causes for GLCs or LSV, for example, toxoplasmosis, other viruses, rubella, cytomegalovirus, herpes simplex viruses or other infection, chromosomal disorders, or neonatal lupus erythematosus, was found.
Twenty-one infants (38%) had a oxidative phosphorylation disorder, 13 (24%) a peroxisomal biogenesis disorder, 11 (20%) a disorder of amino acid metabolism, 4 (7%) an organic acid disorder, and 3 (5%) a urea cycle defect. One infant (2%) each had a congenital disorder of glycosylation (CDG), Hurler syndrome, and Smith-Lemli-Opitz (SLO) syndrome. Thirty-three infants (60%) died; 14 (42%) had disorders of oxidative phosphorylation, 11 (33%) disorders of peroxisomal biogenesis, 4 (12%) disorders of amino acid metabolism, 2 (6%) urea cycle defects, and 2 (6%) other metabolic disorders.
Thirty-five infants (64%) had an MR imaging scan. The median age at first cUS scan was 3 days (range, 1–33 days) and at MR imaging was 15 days (range, 1–273 days). Median time interval between the scans was 4 days (range, 0–272 days). The 1 infant with the long time interval (ie, 272 days) was a preterm infant admitted with respiratory difficulties and mild ventriculomegaly in whom the diagnosis of a metabolic disorder was not suspected at that early time.
Of the 20 infants who did not have neonatal MR imaging, 17 died at a median age of 7 days (range, 1–62 days). The 3 infants who survived but who did not have MR imaging examination during the neonatal period were very sick and too unstable for MR imaging at that time; 1 of these infants had methylmalonic acidemia, 1 had propionic acidemia, and 1 had a complex disorder.

cUS
Oxidative Phosphorylation Disorders (n = 21).
The infant with multiple acyl-coenzyme A (CoA) dehydrogenase deficiency (glutaric aciduria type 2) had a thin corpus callosum, multiple GLCs, lateral ventricular dilation, large third ventricle, widened extracerebral space and interhemispheric fissure, and deep sulci. The cerebellum and basal ganglia appeared small on visual assessment.
The cUS scans of the 2 infants with lactic acidosis were normal. Of the 2 infants with cytochrome c oxidase (COX) deficiency, 1 had echogenic sulci and mild ventricular dilation and the other had multiple small GLCs.
Six of the remaining 16 infants had specifically identified complex disorders (3 complex I, 1 complex II, 1 complex III, and 1 complex I and IV). Three had an abnormal gyral pattern and ventricular dilation. Two also had a thin corpus callosum, widened extracerebral space and interhemispheric fissure, and 1 had patchy echogenic white matter. Five infants had GLCs and mild ventricular dilation, with increased white matter echogenicity and LSV each in 2 and an apparently small cerebellum, widened extracerebral space and interhemispheric fissure, and abnormal putamen each in 1. Two infants had an apparently small cerebellum and LSV, associated with mild dilation of lateral ventricles, extracerebral space, and interhemispheric fissure in 1 and a small patent cavum septum pellucidum, dilated third and fourth ventricles, patchy echogenic white matter, and bilateral focal echogenic areas in the basal ganglia in the other. One infant had LSV and echogenic white matter, 1 infant had bilateral echogenic basal ganglia and thalami and diffusely echogenic white matter, and 1 other infant only had loss of tissue definition in the white matter. In most infants with LSV, the calcifications were very obvious. Four infants had normal scans (Figs 1 and 2).
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Fig 1. Ultrasonography images from 1 of 2 siblings with an oxidative phosphorylation disorder.
A and B, Coronal views showing (A) bilateral marked echogenicity in the lower basal ganglia typical of LSV (arrows) and (B) bilateral increased echogenicity in the white matter (arrows). No MR imaging was obtained in this child.
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Fig 2. Ultrasonography (A and B) and MR imaging (C–E) (time interval, 3 days) from an infant with a complex III disorder.
A, Coronal view showing bilateral echogenicity in the thalami (long arrows) and diffusely increased echogenicity in the subcortical and periventricular white matter (short arrows). B, Parasagittal view showing an echogenic thalamus (long arrow) and diffusely increased echogenicity in the periventricular and subcortical white matter (short arrows).
C, Axial inversion recovery MR image showing abnormal signal intensity in the thalami (long arrows), absence of normal signal intensity from the internal capsule (*), and abnormal low signal intensity in the white matter (short arrows).
D and E, Axial diffusion-weighted MR images showing widespread abnormal signal intensity in the periventricular and subcortical white matter and in the lateral basal ganglia and posterior thalami.




Peroxisomal Biogenesis Disorders (n = 13).
The 2 infants with a peroxisomal biogenesis disorder with a neonatal adrenoleukodystrophy phenotype had multiple small GLCs and a patent cavum septum pellucidum. In 1, these findings were associated with an abnormal appearance of the cortex and Sylvian fissures and LSV. The other infant had mild lateral ventricular dilation.
Eight of 10 infants with a peroxisomal biogenesis disorder with a Zellweger phenotype had multiple GLCs. In 7, these were associated with unusually shaped Sylvian fissures and LSV, in 5 with mild lateral ventricular dilation, and in 1 with focal echogenic areas in the basal ganglia and thalami on 1 side. One infant had a partially absent corpus callosum, unusually shaped Sylvian fissures, straight gyri, irregular lateral ventricular dilation, and an abnormal appearance of the cerebellum but no cysts. Two other infants had a thin corpus callosum, associated in 1 with a patent cavum septum pellucidum, mild irregular lateral ventricular dilation, slightly large third and fourth ventricles, widened extracerebral space, a small punctate hemorrhage in the trigonal white matter, and bilateral mildly echogenic basal ganglia and in the other with mild ventricular dilation, widened extracerebral space, and multiple GLCs. The infant with rhizomelic chondrodysplasia punctata (RCDP) had mild ventricular dilation and extensive LSV (Fig 3).
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Fig 3. Ultrasonography (A–C) and MR imaging (D–F) (time interval, 1 day) from an infant with a peroxisomal biogenesis disorder with a Zellweger phenotype.
A, Coronal view showing GLCs (short arrows), a large cavum septum pellucidum (long arrow), and increased echogenicity in the white matter.
B, Parasagittal view showing GLCs, cysts, in the choroid plexus (short arrow) and an abnormal appearance to the insula (long arrow).
C, Extreme parasagittal view showing abnormal development of the Sylvian fissure (arrow) and increased echogenicity in the white matter.
D and E, Axial inversion recovery and T2-weighted MR images showing a large cavum septum pellucidum, abnormal signal intensity in the frontal white matter (short arrows), and polymicrogyria of the Sylvian fissures (long arrows).
F, Axial inversion recovery image showing a lack of myelin in the posterior limb of the internal capsule (arrows).




Amino Acid Metabolism Disorders (n = 11).
Five of 6 infants with nonketotic hyperglycinemia (NKHG) had a thin corpus callosum with small, unusually shaped frontal horns in all; sulci extending very close to the posterior corpus callosum in 4; parallel configuration of gyri in medial parietal lobe in 1; an abnormal cingulate gyrus in 1; and an apparently small cerebellum in 1. Four of these infants also had focal echogenic areas in the white matter. In a sixth infant, the corpus callosum was not visible, the sulci were prominent, the cerebellum appeared small and abnormal on visual assessment, and there was mild ventricular dilation and swollen basal ganglia and thalami.
Of the 3 infants with maple syrup urine disease (MSUD), 1 had focal echogenic areas in the white matter and basal ganglia and thalami, 1 had focal echogenicity in the basal ganglia and thalami alone, and 1 had a mildly increased extracerebral space. The infant with transient hyperhomocysteinemia had unusually appearing gyri, a focal infarct in the white matter, and bilateral echogenic basal ganglia and thalami. The infant with glutathione synthetase deficiency had a GLC (Fig 4).
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Fig 4. Ultrasonography (A–C) and MR imaging (D and E) (time interval, 7 days) from an infant with NKHG.
A–C, Sagittal views showing (A) a hypoplastic corpus callosum (arrow) and increased echogenicity in the white matter, (B) increased echogenicity in the white matter (arrows), and (C) exaggerated contrast between the white matter and the cortex (arrows).
D and E, Axial T1- and T2-weighted MR images showing a lack of myelin in the posterior limb of the internal capsule (arrows) and increased T1 and T2 throughout the white matter.




Urea Cycle Defects (n = 3).
The infant with ornithine transcarbamylase deficiency had straight gyri off the interhemispheric fissure. In addition, there was loss of gray/white matter differentiation and loss of tissue definition in patchy echogenic white matter. The infant with argininosuccinic acid lyase deficiency had a thin corpus callosum, associated with a widened extracerebral space and interhemispheric fissure, a cyst in the choroid plexus, small GLCs, bilateral LSV, and slightly increased echogenicity in the subcortical white matter. The infant with carbamylphosphate synthetase deficiency had mildly increased echogenicity in the periventricular white matter (Figs 5 and 6).
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Fig 5. Ultrasonography images from an infant with ornithine transcarbamylase deficiency.
A and B, Coronal views showing straight gyri off the interhemispheric fissure (short arrow), loss of gray/white matter differentiation, and loss of tissue definition in patchy echogenic white matter (long arrow). This child was too unstable to transfer for MR imaging.
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Fig 6. Ultrasonography (A–C) and MR imaging (D–F) (time interval, 35 days) from an infant with argininosuccinic acid lyase deficiency.
A, Coronal view showing a thin corpus callosum (long arrow) and widened extracerebral space and interhemispheric fissure (short arrows).
B, Sagittal view showing LSV (long arrow), increased echogenicity in the white matter most obvious at the trigone (medium arrow), and widened extracerebral space (short arrow).
C, Sagittal view showing a cyst in the choroid plexus (long arrow) and slightly increased echogenicity in the subcortical white matter (short arrows).
D, Coronal T1-weighted MR image showing a thin corpus callosum (long arrow) and low signal intensity in the peripheral white matter (short arrow).
E, Parasagittal T2-weighted MR image showing widespread abnormal signal intensity in the white matter but not the LSV seen on cUS.
F, Midsagittal T1-weighted MR image showing the small cyst (arrow) also seen on cUS.




Organic Acid Disorders (n = 4).
One of the 2 infants with methylmalonic acidemia had straight sulci coming off the interhemispheric fissure, a widened extracerebral space and interhemispheric fissure, an abnormal appearance to the cerebellum on visual assessment, and bilateral GLCs; the other infant had bilateral LSV. The 2 infants with propionic acidemia had mildly increased periventricular white matter echogenicity (Fig 7).
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Fig 7. Ultrasonography (A and B) and MR imaging (C and D) (time interval, 2 days) from an infant with methylmalonic acidaemia.
A, Coronal view showing straight sulci coming off the interhemispheric fissure (short arrows), bilateral GLCs (medium arrows), LSV (dotted arrow), and slightly widened interhemispheric fissure (long arrow).
B, Posterior coronal view showing straight sulci (short arrows), slightly widened interhemispheric fissure and extracerebral space (long arrow), and increased echogenicity in the white matter of the trigone (medium arrows).
C and D, Reconstructed coronal T2-weighted MR images showing features similar to the ultrasonography images except for the LSV (only seen sonographically) and white matter change also seen subcortically on the MR images.




Others (n = 3).
The infant with CDG had an apparently small cerebellum, mild ventricular dilation, and a mild increase in extracerebral space. The infant with Hurler syndrome had initially a mild but then progressive lateral ventricular dilation. The scan of the infant with SLO syndrome was normal (Fig 8).
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Fig 8. Ultrasonography image from an infant with CDG. Sagittal view showing an apparently small cerebellum on visual assessment (arrow). No MR imaging was obtained for this child.




Relation between cUS Findings and MR Imaging Findings (n = 35)
See Table.

Oxidative Phosphorylation Disorders (n = 12).
In the infant with multiple acyl-CoA dehydrogenase deficiency, the findings were similar, but the MR imaging also showed a small brain stem, reduced white matter volume with abnormal signal intensity, and delayed myelination.
The cUS scan of an infant with lactic acidosis was thought normal, but the MR imaging showed abnormal signal intensity in the lentiform and caudate nuclei and thin myelin in the internal capsules. The cUS and MR imaging of an infant with COX deficiency identified the same findings.
Nine of 16 infants with a complex disorder had both scans. In 3, the MR imaging was performed postmortem. For most infants, both techniques identified an abnormal gyral pattern, GLCs, an apparently small cerebellum, and ventricular dilation. In 1 infant, cUS showed LSV not identified on MR imaging. In 6 infants, MR imaging showed findings not seen on cUS, that is, loss of gray/white matter differentiation, delayed myelination, a large subarachnoid space, prominent fourth ventricle, intraventricular hemorrhage, and also abnormal signal intensity in the deep gray and white matter. The MR imaging scans were done 2 weeks after the cUS. In 1 infant, both cUS and MR imaging showed findings not seen on the other technique, that is, patchy white matter, dilated lateral, third and fourth ventricles, and LSV on cUS, and a pachygyric cortex and bilateral large GLCs on MR imaging. The cUS was done 2 days after birth, whereas the MR imaging was done postmortem (Fig 2).

Peroxisomal Biogenesis Disorder (n = 9).
In the 2 infants with a neonatal adrenoleukodystrophy phenotype, most findings were detected on both scans. cUS showed LSV not seen on MR imaging, and MR imaging showed subtle changes in signal intensity in the white matter and myelination not seen on cUS.
Seven of 10 infants with a Zellweger phenotype had both scans. In 2, the MR imaging identified polymicrogyric Sylvian fissures and unmigrated cells in the white matter not seen on cUS. Other differences were multiple GLCs, LSV, and echogenic deep gray matter seen on cUS and delayed myelination, abnormal deep gray and white matter, and cerebellar abnormality on MR imaging. In 1 of these infants, the time interval between scans was more than 2 months, and in 4 it was more than 1 week (Fig 3).

Amino Acid Metabolism Disorders (n = 10).
Five infants with NKHG had cUS and MR imaging; both showed a thin corpus callosum, abnormal white matter signal intensity, and swollen basal ganglia and thalami. cUS additionally showed prominent sulci and echolucent caudate nuclei. The differences between cUS and MR imaging are summarized in the Table.
In 2 of the 3 infants with MSUD, MR imaging additionally showed abnormal high signal intensity in myelinated tracts on diffusion-weighted images and abnormal signal intensity in the cerebellum, posterior limb of the internal capsule, and brain stem. In the other infant, cUS showed echogenic basal ganglia and thalami, and MR imaging showed a delay in myelination. The time interval between scans was 7 weeks.
In the infant with transient hyperhomocysteinemia, MR imaging additionally showed abnormal signal intensity of the sulci and a subdural hemorrhage over the tentorium. Both cUS and MR imaging of the infant with glutathione synthetase deficiency showed a single GLC (Fig 4).

Urea Cycle Defects (n = 1).
In the infant with argininosuccinic acid lyase deficiency, most findings were seen on both scans; additionally, cUS showed a choroid plexus cyst, and LSV and MR imaging showed delayed myelination (Fig 6).

Organic Acid Disorders (n = 2).
In the infant with methylmalonic acidemia, most findings were concordant, but immature white matter and delayed myelination were only identified on MR imaging. One infant with propionic acidemia had both scans. cUS showed increased echogenicity in the periventricular white matter, whereas MR imaging a week later showed bilateral abnormal signal intensity in the globus pallidus (Fig 7).

Others.
The infant with Hurler syndrome had bilateral ventricular dilation on both cUS and MR imaging. In this infant, the time interval between scans was long, that is, 272 days (n = 1).



Discussion
Several studies have been performed on brain MR imaging and histologic findings in metabolic disorders presenting during the neonatal period,3,4,21,24,30–49 but cUS findings have only been described in individual case reports.10–26 cUS has the advantage that it is readily available on neonatal units when infants are admitted. We have shown in a large cohort of neonates with diagnosed metabolic disorders that cUS detects many abnormalities that support a clinical diagnosis, detects structural abnormalities that lead to further investigations, or depicts ongoing injurious or metabolic processes. Although some aspects of abnormalities were better detected with MR imaging, most salient features were seen on cUS. Our data show that cUS is a reliable tool for detecting both structural brain abnormalities and more acute changes highly suggestive of metabolic disorders presenting in the neonatal period. Although several of the infants were suspected of having hypoxic-ischemic encephalopathy, the cUS imaging abnormalities seen were rarely suggestive of that diagnosis (the infant illustrated in Fig 2 is an exception). The basal ganglia abnormalities in the metabolic disorders were generally more focal and punctate and did not evolve with time, and the white matter, while often being echogenic, was more uniform in appearance than that encountered in hypoxic-ischemic encephalopathy. The consistency of sequential scans also militated against that diagnosis. Another confounding diagnosis could be congenital infections, but these were excluded in all infants by appropriate serologic testing.
In the oxidative phosphorylation disorders, cUS showed GLCs and ventricular dilation in several infants, though no lesions were seen in infants with lactic acidosis. Most infants with complex disorders had ventricular dilation, frequently associated with abnormal white matter, GLCs, calcification within basal ganglia, widened extracerebral space and interhemispheric fissure, an apparently small cerebellum, and abnormal cortical folding. Our cUS findings in the infants with COX deficiency and complex disorders are consistent with those in the literature.10,13,14,17,26
Most infants with peroxisomal biogenesis disorders had multiple GLCs and ventricular dilation, often with abnormal peri-Sylvian cortical folding and LSV. These findings were apparent on cUS and consistent with case reports,15,19,24 contributing to an early diagnosis. To our knowledge, no cUS findings have been described previously in neonatal adrenoleukodystrophy.
The cUS scans in infants with amino acid metabolism and urea cycle disorders showed abnormal cortical folding, often associated with abnormal white matter, a hypoplastic corpus callosum, unusually shaped lateral ventricles, and echogenic areas in the basal ganglia and thalami. Some of the cUS findings in NKHG, MSUD, and hyperhomocysteinemia have been described,11,16,21–23 but those in glutathione synthetase deficiency only by our own group25 and, to our knowledge, cUS findings in urea cycle defects have not been described before.
The cUS scans in the organic acid disorders showed periventricular white matter echogenicity in the infants with propionic acidemia and mostly structural abnormalities in the infants with methylmalonic acidemia. As far as we know, only MR imaging findings have been described in these disorders, but our data show that cUS detects structural abnormalities and injurious processes, which, in combination with the clinical presentation, are suggestive of organic acid disorders. Although MR imaging findings have been described in CDG, Hurler and SLO syndromes,40,43,47 so far, no cUS findings have been described previously.
In several infants, MR imaging additionally showed findings not identified on cUS, including subtle signal intensity changes, maturation abnormalities, and abnormalities in areas of the brain that are difficult to visualize with cUS. This is partially because of the greater sensitivity of MR imaging for detecting more diffuse, peripheral abnormalities and its ability to show marginal changes in size of structures, neuronal migration disorders, and delayed or abnormal myelination. However, with the substantial improvement in the quality of cUS scanners in recent years and better training in cUS interpretation, the difference in sensitivity between cUS and MR imaging is diminishing.50,51 That MR imaging showed some additional findings is also partially because of the time interval between cUS and MR imaging scans reflecting the natural evolution of cerebral lesions in metabolic disorders.20,43 cUS showed calcification not identified on MR imaging, a useful clue to metabolic diagnoses. GLCs were almost always better seen on cUS, probably caused by partial volume effects from slice thickness.
No major cerebral lesions or structural abnormalities were missed on cUS, and all of the abnormalities thought highly suggestive of metabolic disorders were detected. So, although MR imaging is generally considered the optimal imaging technique in neonatal metabolic disorders, in particular in disorders of oxidative phosphorylation, we found its additional value limited. However, it should be taken into account that this is a retrospective study, and not all infants underwent neonatal MR imaging, which may have influenced our findings. An advantage of MR imaging is that diffusion-weighted images and MR spectroscopy can be performed, both of diagnostic value in metabolic disorders, including MSUD, NKHG, and RCDP.3,4,22,24,42,45,47–49 Additionally, neuronal migration disorders and more diffuse, peripheral white matter changes are more easily identified, and myelination can be evaluated.
We accept that cUS has limitations. It is best used when the fontanelles are open, though with improved scanners, there is increasing experience of scanning through acoustic windows other than the anterior fontanelle, thus extending the use of cUS, especially for posterior fossa and more peripheral structures. The size of most brain structures can be assessed accurately with cUS,52 though assessment of the cortical thickness remains difficult. As yet, myelination in the hemispheres cannot be assessed on cUS, though the posterior myelinated brain stem is of low echogenicity and can reliably be distinguished from the anterior unmyelinated brain stem. MR imaging, though usually abnormal in metabolic disorders presenting neonatally, is often nonspecific, except for MSUD, where it can be diagnostic. Unlike cUS, acquiring the MR images involves inevitable disturbance to the infant and considerable medical expertise at a time when the infants are often unstable and need intensive care.

Conclusion
We described the cUS findings in a wide range of metabolic disorders presenting during the neonatal period. All of the cerebral lesions and major structural brain abnormalities characteristic of different metabolic disorders were identified on cUS, and cUS and MR imaging findings were consistent. cUS was better for detecting GLCs and LSV, and MR imaging better for diffuse, peripheral white matter changes; delayed myelination; and abnormalities in neuronal migration. Neonatal cUS is a reliable tool for the early bedside detection of abnormality highly suggestive of a metabolic disorder.
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