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Educational ObjectivesEducational Objectives



 

To review the neuroimaging patterns of neural injury To review the neuroimaging patterns of neural injury 
in selected disorders of metabolism and evolution in selected disorders of metabolism and evolution 
over time over time 


 

Diagnostic patterns of injuryDiagnostic patterns of injury



 

To describe the role of routine neuroimaging to To describe the role of routine neuroimaging to 
define disease biomarkers /measures of injurydefine disease biomarkers /measures of injury


 

T1 and T2W imagingT1 and T2W imaging


 

Diffusion imagingDiffusion imaging


 

VolumetricsVolumetrics



Educational ObjectivesEducational Objectives



 
To describe the role of routine neuroimaging To describe the role of routine neuroimaging 
to follow disease biomarkers to follow disease biomarkers 


 

Disease progression/treatment responseDisease progression/treatment response


 

Methods to interrogate earlier CNS involvementMethods to interrogate earlier CNS involvement


 

Integration into clinical trailsIntegration into clinical trails



 
Provide examples of use of multimodal Provide examples of use of multimodal 
imaging as biomarkers imaging as biomarkers 


 

Urea cycle disorders consortium studyUrea cycle disorders consortium study



IntroductionIntroduction


 

DrugDrug--induced improvement, stabilization, or reversal induced improvement, stabilization, or reversal 
of neurological symptoms of many inborn errors of of neurological symptoms of many inborn errors of 
metabolism is a goal for many diseasesmetabolism is a goal for many diseases



 

Research is now focusing on the earliest stages of Research is now focusing on the earliest stages of 
disease where a therapeutic intervention is likely to disease where a therapeutic intervention is likely to 
have greatest impacthave greatest impact


 

Need biomarkersNeed biomarkers


 

Non invasiveNon invasive


 

Repeatable measuresRepeatable measures


 

Correlation with pathology/disease stateCorrelation with pathology/disease state


 

Correlation with a clinical/lab/functional/cognitive measureCorrelation with a clinical/lab/functional/cognitive measure



Neuroimaging in disorders of CNSNeuroimaging in disorders of CNS



 

Neuroimaging can provide information about Neuroimaging can provide information about 


 

TimingTiming


 

ExtentExtent


 

Reversibility Reversibility 


 

Possible mechanism of neural injury Possible mechanism of neural injury 


 

Noninvasive and can be used to measure changes Noninvasive and can be used to measure changes 
over timeover time


 

Individual patientIndividual patient


 

Group analysisGroup analysis


 

As an adjunctive measure to predict clinical and As an adjunctive measure to predict clinical and 
neurocognitive outcome and response to therapyneurocognitive outcome and response to therapy



Anatomic MRIAnatomic MRI


 

Characterize gray matter and white matter 
microstructural and macrostructural changes 


 

Signal abnormalities T1, T2W 


 

Routine sequences: detect damage at macroscopic level


 

MRI findings may lag behind clinical changes



 

Goal: Earlier indices of disease


 

Microstructure analysis of white matter, neural circuitry, 
metabolism


 

Diffusion tensor imaging


 

fMRI


 

MRS



Imaging conceptsImaging concepts


 

MRI (magnetic resonance imaging)MRI (magnetic resonance imaging)


 

Three orthogonal planesThree orthogonal planes


 

Gray matter, white matter, CSF, deep gray and white Gray matter, white matter, CSF, deep gray and white 
matter structures, posterior matter structures, posterior fossafossa



 

Signal changes: etiology and degree of injurySignal changes: etiology and degree of injury


 

InflammationInflammation


 

EdemaEdema


 

Developmental and degenerative conditionsDevelopmental and degenerative conditions


 

VolumeVolume


 

Diffusion Diffusion 


 

edemaedema



Where does the signal come fromWhere does the signal come from


 

MR Imaging is based on the MR Imaging is based on the 
observation of the relaxation observation of the relaxation 
that takes place after the RF that takes place after the RF 
pulse has stoppedpulse has stopped



 

The return of the excited The return of the excited 
nuclei from the high energy nuclei from the high energy 
to the low energy state is to the low energy state is 
associated with the loss of associated with the loss of 
energy to the surrounding energy to the surrounding 
nucleinuclei



 

T1 relaxation (spin lattice) T1 relaxation (spin lattice) 
is characterized by is characterized by 


 

Longitudinal return of the net Longitudinal return of the net 
magnetization to its maximum magnetization to its maximum 
length in the direction of the length in the direction of the 
magnetic fieldmagnetic field



 

T2 relaxation (spinT2 relaxation (spin--spin spin 
relaxation) occurs when relaxation) occurs when 


 

The spins in the high and low The spins in the high and low 
energy state exchange energy energy state exchange energy 
but do not loose energy to the but do not loose energy to the 
surrounding latticesurrounding lattice



 

Tissue contrast is Tissue contrast is 
determined by differences in determined by differences in 
these two types of relaxationthese two types of relaxation
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What does the signal tell us?What does the signal tell us?



 
Routine T1 and T2 images can be used to Routine T1 and T2 images can be used to 
characterize gray matter and white matter characterize gray matter and white matter 
changeschanges



 
Differences in white matter, age dependentDifferences in white matter, age dependent


 

Childhood: progression of myelinationChildhood: progression of myelination


 

Need to know normal milestonesNeed to know normal milestones


 

Adulthood: white matter lesions with normal agingAdulthood: white matter lesions with normal aging


 

Childhood degenerative disordersChildhood degenerative disorders


 

Arrest of myelination?? Arrest of myelination?? DysmyelinationDysmyelination?? ?? 
demyelinationdemyelination



T1T1--WeightingWeighting

CSF darkCSF dark

WM brightWM bright

GM grayGM gray

T2T2--WeightingWeighting

CSF bright

WM dark

GM gray

Mature brain 
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What does the signal tell us?What does the signal tell us?



 

Contrast-enhanced T1- 
weighted imaging is the 
standard method of 
detecting brain and 
spine lesions 
characterized by 
disruption of the blood- 
brain barrier


 

Pathology


 

Therapeutics



Patterns of brain injuryPatterns of brain injury


 

Based on locationBased on location


 

Focal/diffuseFocal/diffuse


 

Gray matterGray matter


 

CorticalCortical


 

Deep grayDeep gray--thalamus, basal gangliathalamus, basal ganglia


 

Organic Organic acidopathiesacidopathies


 

MitochondrialMitochondrial



 

White matterWhite matter


 

U fibers: U fibers: junction of the junction of the 
GM/WM GM/WM 



 

Deep, Deep, centrumcentrum semiovalesemiovale


 

PeriventricularPeriventricular


 

IEMs affecting WMIEMs affecting WM


 

Amino Amino acidopathiesacidopathies


 

Urea cycle disordersUrea cycle disorders


 

Primary Primary leukodystrophiesleukodystrophies



What is special about U fibers in What is special about U fibers in 
diagnosis of IEM?diagnosis of IEM?



 
Travel in a tangential, rather than radial, Travel in a tangential, rather than radial, 
fashion fashion 


 

Connect areas of cortex to other areas of cortexConnect areas of cortex to other areas of cortex


 

Comprise the slowest Comprise the slowest myelinatingmyelinating fibers within the fibers within the 
nervous system nervous system 


 

Begin myelination early in gestation and often aren't Begin myelination early in gestation and often aren't 
completely myelinated until the third or fourth decade completely myelinated until the third or fourth decade 
of lifeof life
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What is special about U fibers?What is special about U fibers?



 
LeukodystrophiesLeukodystrophies in which the pathology is in which the pathology is 
dependent on myelin turnover dependent on myelin turnover 


 

Demonstrate relative sparing of these fibers Demonstrate relative sparing of these fibers 


 

Turnover is extremely slowTurnover is extremely slow


 
LeukodystrophiesLeukodystrophies which are due to toxic which are due to toxic 
damage to the damage to the oligodendroglialoligodendroglial cellcell


 

Subcortical USubcortical U--fibers are as vulnerable as other fibers are as vulnerable as other 
myelinated fibers within the nervous systemmyelinated fibers within the nervous system



Patterns of brain injuryPatterns of brain injury



 
Signal abnormalitySignal abnormality


 

Increased T2 signal in Basal ganglia, white matterIncreased T2 signal in Basal ganglia, white matter


 

May be acute edema, amenable to a therapy, reversibleMay be acute edema, amenable to a therapy, reversible


 

May be damage despite absence of tissue lossMay be damage despite absence of tissue loss


 

Small molecule IEMs, mitochondrial, etc. Small molecule IEMs, mitochondrial, etc. 



 
Volume loss: gray matter/white matterVolume loss: gray matter/white matter


 

Denotes irreversible, progressive findingDenotes irreversible, progressive finding


 

Storage disordersStorage disorders


 

Neuronal Neuronal ceroidceroid lipofuscinosislipofuscinosis


 

Adult neurodegenerative disordersAdult neurodegenerative disorders



Brain injury: Imaging  correlation with Brain injury: Imaging  correlation with 
pathology, stabilitypathology, stability

Late-onset disorders show 
reversible white matter 
lesions are observed

Neonatal-onset urea cycle 
disorder has profound effects 
on white and gray matter 
with cystic changes over time

Imaging Pathology



Small molecule diseases Small molecule diseases 



Maple syrup urine disease (MSUD)Maple syrup urine disease (MSUD)



 

Deficiency in branched chain alpha ketoacid dehydrogenase 
complex



 

Accumulation of Accumulation of BCAAsBCAAs leads to CNS injuryleads to CNS injury


 

LeucineLeucine


 

Transported rapidly across the bloodTransported rapidly across the blood--brain barrier and is metabolized to brain barrier and is metabolized to 
yield presumably glutamate and glutamineyield presumably glutamate and glutamine



 

Alpha Alpha ketoketo--isocaproicisocaproic acid derived from acid derived from leucineleucine is neurotoxicis neurotoxic


 

Pattern recognition: Acute brain edemaPattern recognition: Acute brain edema


 

Diffuse increase in T2 signal especially prominent in the BG andDiffuse increase in T2 signal especially prominent in the BG and 
brainstembrainstem



 

ProteolyticProteolytic degradation of myelin proteinsdegradation of myelin proteins


 

Abnormal myelin sheathsAbnormal myelin sheaths



Neuroimaging of MSUDNeuroimaging of MSUD



 
Increased signal of myelinIncreased signal of myelin


 

MesencephalonMesencephalon, brain stem, thalamus and , brain stem, thalamus and globusglobus 
palliduspallidus; cerebellum, ; cerebellum, periventricularperiventricular white matter white matter 


 

CytotoxicCytotoxic or or intramyelinicintramyelinic sheath edemasheath edema



(DWI)/spectroscopy during metabolic (DWI)/spectroscopy during metabolic 
decompensation:valuedecompensation:value in prediction of in prediction of 

outcomeoutcome



 

DWI DWI 


 

Marked restriction of proton diffusion Marked restriction of proton diffusion 



 

11H MRSH MRS


 

Presence of an abnormal branchedPresence of an abnormal branched--chain amino acids chain amino acids 
(BCAA) and branched(BCAA) and branched--chain alphachain alpha--ketoketo acids (BCKA) acids (BCKA) 
peak at 0.9 ppm as well as elevated lactate on 1H MRS peak at 0.9 ppm as well as elevated lactate on 1H MRS 



 

The changes seen in the patients The changes seen in the patients were reversed with were reversed with 
treatment without evidence of volume loss or treatment without evidence of volume loss or 
persistent tissue damagepersistent tissue damage



PhenylketonuriaPhenylketonuria



 

Common autosomal 
recessive disorder CNS:CNS:


 

Brain swelling, narrowed Brain swelling, narrowed 
subarachnoid spacessubarachnoid spaces



 

MRI: MRI: 


 

GlobusGlobus palliduspallidus


 

T1: T1: hyperintensityhyperintensity


 

T2: T2: hypointensityhypointensity



 

T2:      in WM T2:      in WM 



PKU Subject, 28 yrs, M

High intensity areas of FLAIR show 
white matter damage.

In metabolic disorders of WM, 
FLAIR adds diagnostic value

T2T2 FLAIRFLAIR



Patterns of injuryPatterns of injury--mitochondrial mitochondrial 
encephalopathiesencephalopathies



Large moleculesLarge molecules



Imaging characteristics of Imaging characteristics of LSDsLSDs
Exact mechanisms of 
neuronal dysfunction and 
death remain elusive
Pathological features of 
LSDs



 

Ectopic neuronal    
dendrites
 Axonal enlargement
Myelinopathy
 Astrocytosis
Microglial activation

White matter disease

Thalamic hyperintensities

Progressive atrophy: ventriculomegaly
Virchow robin spacesVirchow robin spaces



MLD

Krabbe MPS



Gadolinium-enhanced T1-weighted MR image 
reveals a characteristic enhancement pattern 
in the intermediate zone (arrows) representing 
active demyelination and inflammation. 

T2-weighted MR image shows symmetric 
confluent demyelination in the peritrigonal 
white matter and the corpus callosum. 

AdrenoleukodystrophyAdrenoleukodystrophy



Progression of atrophy demonstrated by FLAIR Progression of atrophy demonstrated by FLAIR 
images through the basal ganglia and images through the basal ganglia and centrumcentrum 
semiovalesemiovale, serial images on a single child with , serial images on a single child with 

INCLINCL
age 2 ½ years 
(28 months)

age 2 years 
(22 months)

age 3 years 
(34 months)

age 3 ½ years 
(42 months)

age 4 ½ years 
(53 months)



Urea cycle rare disorders Urea cycle rare disorders 
consortiumconsortium

Using multimodal imaging as biomarkersUsing multimodal imaging as biomarkers



We are using neuroimaging to identify 
biomarkers of neurological dysfunction



 

Structure


 

Function


 

Neurotransmitters


 

Neural networks


 

Biochemistry


 

Questions


 

How brain operations differ between tasks as well 
as between normal and patient populations



 

How networks are altered in brain disorders


 

Potential for recovery/plasticity


 

Therapeutics



White matter injury in UCDWhite matter injury in UCD

White matter: 
Citrullinemia, 

courtesy of 
Michael Kuel 
and Robert 

Steiner, OHS 

Late onset                               Neonatal

Basal ganglia

T2 FLAIR

OTC



Voxel based morphometry (VBM)Voxel based morphometry (VBM)



 
Neuroimaging analysis technique that allows 
comparison of concentration of GM or WM



 
Involves normalizing the images into the same 
stereotactic space 



 
Various user dependent or independent ROI 
analysis



 
A set of brains may be imaged at a single A set of brains may be imaged at a single 
developmental stage in life or the same brain developmental stage in life or the same brain 
may be imaged repeatedly over timemay be imaged repeatedly over time



VBMVBM


 

22 adults with OTCD vs. 22 adults with OTCD vs. 
controlscontrols



 

Colors coding: indicate Colors coding: indicate 
areas of decreased volume areas of decreased volume 
on an intensity scaleon an intensity scale


 

Yellow indicating >volume Yellow indicating >volume 
lossloss



 

Areas of significance Areas of significance 
include include 


 

Anterior limb of the internal Anterior limb of the internal 
capsule (row 1)capsule (row 1)



 

Superior corona Superior corona radiataradiata (row (row 
2)2)



 

Cerebellum (row 3)Cerebellum (row 3)


 

Diffuse portions of the frontal Diffuse portions of the frontal 
cortex (row 4)cortex (row 4)



Diffusion tensor imaging  for microscopic WM injury
shows evidence of white 

matter injury in motor tracts that connect parts 
of the brain important in attention and memory
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Arginase deficiency

Corpus callosum in OTCD versus controls



fMRI



Statistical parametric maps of 
one-way within-group t-tests 

Control group (red) and OTCD 
group (green) for 2-Back greater 
than 1-Back task-related BOLD 
signal change (FWE p<0.01). 

Bottom two rows, L-R, show 
coronal slice at y=7, axial slices at 
z=7 and z=-10.

fMRI shows altered neural 
circuits in OTCD



MRS shows biochemical differencesMRS shows biochemical differences

1H MRS 

Biomarkers

Gln              myoinositol



MRS shows biochemical differencesMRS shows biochemical differences

1313C MRS in frontal brainC MRS in frontal brain



Hyperammonemia

Glial swelling Alterations in 
neurotransmitters

Increase in water

Osmolar 
damage

Brain edema

Activation of NMDA 
receptors

Calcium mediated 
cell damage

Ca++ release

Long term 
consequence 
s

Cognitive sequelae

Executive 
function

Working 
memory

Alterations in white 
matter (and gray 
with longstanding 
HA)pathology

Fine 
motor 
deficitsSTROOP

Trail making

Abnormal 
activation 
patterns on 
fMRIAlterations in 

biochemistry 
on 1H MRS

Brain 
electrophysiologi 
cal changes

N back fMRI 
task

impairment of cholinergic and 
glutamatergic transmission



ConclusionsConclusions


 

Neuroimaging as a noninvasive measure of brain injuryNeuroimaging as a noninvasive measure of brain injury


 

BiomarkersBiomarkers


 

Anatomic offers some, but limited applicationsAnatomic offers some, but limited applications


 

Need to move to advanced imaging platforms Need to move to advanced imaging platforms 


 

Pattern recognitionPattern recognition


 

Superimposition on normal developmentSuperimposition on normal development


 

Correlation with pathology, other biomarkersCorrelation with pathology, other biomarkers


 

Functional correlation with another testable outcomeFunctional correlation with another testable outcome


 

Not discussedNot discussed


 

Clinical trialsClinical trials


 

multicentermulticenter
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