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'_ ABSTRACT OF THEDISSERTATION

- MR Spectroscopy and SWI: Neuropsychologlcal Outcome
‘ : after Pediatric Brain Injury

by
Talin Babikian
Doctor of Phrlosophy, Graduate Program in Psychology
Loma Linda University, September 2005
Dr Kiti Freier, Chalrperson

Traumatlc hram mJury (TBI) is among the most frequent pediatric neurologlcal
drsorders and a 51gmﬁcant contributor to childhood morbrdlty/mortahty in the US.
Although clinical indicators have been helpful in predrctrng long term outcomes more
effectlve prognostlc tools are bemg sought Thls study assessed the efﬁcacles of acute
smgle and multl voxel Magnetlc Resonance Spectroscopy (MRS) and Susceptlblllty
Welghted Imagmg (SWI) when predlctmg long—term neurocognltlve functlonmg in
| pedlatrlc TBI patlents Twenty chlldren/adolescents (mean age 13. 3 years 5 8 SD)
| treated at Loma L1nda Umver51ty Chlldren s Hosp1ta1 for a head i 1njury were admmlstered
measures ‘of 1ntellectual and neuropsychologlcal functromng 1—4 years post injury.
Without exceptlon patlents scored markedly lower on all neurocogmtlve measures
: compared to age-matched norms Clinical 1nd1cators of mjury severrty and age at 1njury T
were associated w1th_~ outcomes. Early age at_mjury (< 8 years) and severe T;BI together -
resulted in poor neurocognitive outcom'e, older age and mild vi’njury resulted in scores 7
within the ;norrnal vrange, while variable ou‘tc’ome was note‘d for patients with only one of

 the risk factors.

Lo il



Positi‘ve and strong associations were noted hetween both single and multi-voxel
MRS NAA spectra (and associated ratios) with neurocognitive SCores; with NAA/Cre
alone expla1n1ng 48% or more of the variance in outcomes Multl-voxel MRS NAA/Cre
alone was a s1gn1ﬁcant predlctor of neurocogn1t1ve outcome explammg 18% or more
variance above and 'beyond a combmatlon injury sev_er1ty/age at injury vanable.
Furthermore, both SWIile‘lsionnumber and volume Were negatively and strongly
associated w1th neurocogmtwe outcome These var1ables explalned 9% or more variance
in scores above .and ‘beyond the add1t1ve injury severlty/age at mjury and total days in
coma varlables Exploratory analyses revealed a notable trend w1th les1ons in deeper
brain regions (p0581bly l1nked to dlffuse axonal 1nJury) more strongly ass001ated with
poor neurocognitive outcome as compared to lesions in cortlcal areas Both MRS and
SWI prov1ded a mutually exclus1ve contr1but10n to the pred1ct1on of long-term outcomes, |
‘supportmg thelr use in chmcal practlce Incorporatmg neur01mag1ngtechnology in

clinical care will i 1mprove prognostlc efforts helpmg clmlclans and famrly members plan B

treatment and services necessary for optlmal physwal cogn1t1ve and emotlonal recovery S

following a head i 1njury in chlldhood

Xiii -



INTRODUCTION
| Every year,'one and a half mﬂlion ivndi.v'ifduals in the United States sustain a
traumatic brain injury (TBI), vconsrtitufpingieigl"lt tlmes _tl.ive-:b'reast cancer inqidence rate and
34 times the ‘HIV/A‘I]:)S incidence rate (CDC, 2003):"‘ Am'éng pediatric pépulations,
approximately 170,000 chﬂd’ren surviye. closed héad injury eVery yearvi'n the United
States (Kraus, 1995), with Vehicle accidents, bicycle or pedestrian accidents, falls, and
non-accidental -trau'rh’a/assaiilt as..leading‘etiolo'gic:al factors (CDC, 2002). Among
children between fh¢ agés of 0 and 14, TBI results in 3000 deaths, 29,000 hospitalizations
and 400,000» emergency department visits annually (CDC, 2003). In fact,‘head injury is
amorig the most frequent pediatric neurological disorders and a significant contributor to
childhood morbidity and mortality (RQsman,, 1999), paﬁicularlyin children from birth to
five years of age. Survivors of pediatric head tréuma may suffer from impairments in
both general infelleétual and speciﬁc neuropsychological functioning, including attention,
memory, language, sensorimotor, visuospatial, and executive functioning deﬁéits
(Adelson & Kochanek, 1998; Kraus, 1995). The folloWing review summarizes the
literature on the clinical and neuroradiologic measures chrrently used to predict long-term
outcomes following pediatric TBI. In addition, the literature addressing the anatomical
correlates of TBI and subsequent neuropsychological sequelae is also reviewed.
Clinical Indicators

The duration of altered consciousness or poéttraumatic amnesia as well as the
extent of injury following a TBI have been used as clinical predictors of long-term
cognitive outcome.‘ A minimal neurologic assessment includes examination of reflexes

and motor and sensory systems, ratings on the Glasgow Coma Scale (GCS), and cranial



and cranial nerve examination, including assessiné papillary response to light, eye
position and movemeﬁt, cornéal sensation, and -the‘ gag,respons;e (Adelson & Kochanek,
1998). In one Study, the duration of impaired consciousness following TBI, number of
intracranial lesions, as well as scores on the modified Glasgow Coma Scale (GCS)
: (Téasdal-e &J enngtf, 1974) were significant bredi_ctors of both cOgnitiye and motor
N outéome at three and égéin‘eit 12 months following a TBI (Prasad, EWing;Cobbs, Swank,
& Kramer, 2002). The GCS is a‘grosé but quantifiable and fairly reliable scéring system
measuring a p'atient’slevel,of consciousness immediately following a brain insult. The
SCoririg éystem ranges frofr_l 3-15 and is composed of three separate scales measuring
motor ability, verbal responses, and eye opening (Rosman, 1999). Based on vthe total
score derived from the sum of the three GCS scales, brain injufy severity has been
categ‘orized into three types: severe TBI is referred to a GCS of eight or less; moderate
TBI is referred to a GCS of 9-12; and mild TBI is referred to a GCS of 13-15.
| , Althéugh the use of the GCS can provide a quick androbjective indication of

i‘njury severity, several paticnt related factors and advances in critical care management,
including intubation, éarly use of sedatives and paralytics, can impede the accurate
scoring of this measurek. “This limitatién can in turn hinder its p’redictive value for long-
tefm neuroiogical andcogmtlve outcome (Rosman, 1999). In addition, the efficacy of
injury seye_rity va;ia{bigs, ‘inclgding GCS, ;s“p-redictoars of cogniti\}e outcome are
' cohs‘idereél limited (Ch01 &Barnes, "1’9‘"96; Rosman, 1999).- It is therefore imi)erative for-
cliniciansialtnd reseérchéfs to inives’ti‘gvateﬂ 5ette¥ éutcome indicators in order to provide |
patients and their 'fém"ifi :efs’:rjngyre:acc’liraté prognoses and to better facilitate patient

recovery.



Neuroimaging and TBI

In addition to alterations in consciousness, focal neurologic signs as detected by
neuroradiologic assessments have also been used to predict the extent of injury following
TBI (Bigler? 1999; Kirkpatrick, 1986; Rosman, 1999; Verger et al., 2001). The literature
regarding neuroimaginkg;as a predictor of long-term outcome following TBI is sparse at -
best. This is partieularly true for the pediatric patient since the usefulness of various
neuroimaging techniques Wlth this population have not been explored due to variations in
the maturity of the brain, etiologies of brairr disorders and their subsequent presentation,
and the ’modiﬁcatio’ns necessary to pérform conventional imaging methods with younger
children (Grant & Matsuda, 2003). Although a close relationship between
neuroradiologic findings and long-term neuropsychological and neurobehavioral outcome
Weuld be‘expected, Bigler (1999) reported that this is not consistently the case. In fact, a
variety of factors impede the latter expected relationship:

“..the traurnatically injured brain is in a dynamic phase of

significant morphologic, hemodynamic, and biochemical change,

probably for the first year post-injury and maybe longer. Thus,

any view of the brain by static imaging within this time frame may

not yield all of the pathological consequences that relate to

neurobehavioral oqtcorrre” (pg. 418) (Bigler, 1999).

A review of ﬁeardlrrragirrg'ﬁ'ndings following TBI revealed that no single imaging
technique alone is superior over others, specifically since the neuropathological
consequerl;c;es folldwitrlg TBI Vary by etielogy“(McAllister, Sparling, Flashman, &
Saykin, 2001). Often, a cembinatiorl Qf .neuro'imaging techniques will yield
complimentary data, providing a clearer clinical picture of a TBI patient (Bigler, 2001).
Nonetheless, the general consensus from the'se studies is that severity of injury as

indicated by neuroimaging results will consistently be correlated with greater



' neuropathological and/or structural bram damage supportlng their chnical use in the care
of a TBI patlent (Bigler 1999) |

The hterature reviewed by Rosman (1999) 1ndicated that a cranial MRI is an
mcreasmgly better method of evaluatmg the extent of 1nJury followmg a pedlatric TBI as
compared to more traditional methods such z as the CT scan. Although the CT scan
provides a quick and reliable 1ndlcat10n of extent of i injury, especlally if an assessment of
mental status is interfered by anes_thesia or medicat_ions (Adelson & Kochanei;_‘, 1998), it )
has its limitations. Bony artifacts in the brain, such asithe posterior fossa, hinder the CT :
scan, making it an ineffective neuroradiologic- technique m the presence of 1njury in these -
areas (Rosman; 1 999). ‘In"addition, other -advantages of MR images include safety, |
variability of the plane in’ which images can be takenf,- excellent imaging '_of both normal: o
and pathologic anatomy, and the fact that contrast injections are not ’needed (Rosman, .
1999). HoWever, this method is ineffeetive with patients Who are severely ili and/or who
cannot be adequately monitored during the imaging process, including Very young
patients’who cannot remain still. According ‘to Rosman (1999), the ease and safety by
which images are obtained byvan MRI allow for the Visualiéation of srnail collections of
blood. Nonetheless,‘ even though MRI is superior to CT When detecting small
hemorrhages, the “MR appearance of hemorrhage is quite variable and dependent on
multiple intrinsic parameters such as the state of oxygenation of hemoglobin, and the
~ integrity of redblood‘c_ells',. as well as, extrinsic parameters snch as field strength of the
MR scanner, receiver bandwidth, type of sequence, and the degree‘ot‘ T1 and T2

weighting” (p. 336) (Tong et al., 2003).



' Althbﬁgh few 1n number, 6the_r neuroradiolbgic studiesattempt}ingl to predict
outcome fobllvo’v"v‘ing ipediatric TBIL. On study réioortéd usin‘g I'Saﬂuorodeoxyglucose
Poéitron' Emi_ssion Tqmography (PET) to predict péfforman(‘:ern 'the Ranchp Los Amigos‘
Cognitive I‘,evelv (RLACL) .scale and on a rrblodiﬁedlye_rvsiohv .'Q‘f‘fhe ‘Gl.as‘gow Outcome
Scale called the Children’s Outcome‘_Scalev (COS) (Worley et al., 1995). ‘Since glucose
metabolization is directly relafed:_tot rate of synaptié firing, it wais' assumed that PET
scores Would be correlated withv‘ se?erity' and exteht of bréiri injury and thus with clinical
outcome. Cdﬁdﬁdting PET scans on 22 children )_wh(;) hadbreceived a non—pénetrating
TBI, Worley et al.‘ (19‘95)vwere able to derﬁdnstrate a correlation between PET scores and
both the RLACL and the COS. However, the authors suggested that althoﬁgh there was
some evidence to suggéét tﬁét llb)E"’l“ywas a better predictor of outcome if conducted within
the first 12 weeks following injury, 'long-term. outcome was not better explained by PET
than with traditional CT or MRI scans (Woﬂey et al., 1995).

In addition, Single Photon Emission Computed Tomography (SPECT) studies
have, with limited success, also been used to predict oﬁtcome following TBI (Rosman,
1999). Goldenberg et al. (1992) compared neuropsychological outcome measures to
SPECT data in a sample of 36 adult closed head injury patients as éompared to an age
and education matched control group. They reported that neuropsychological measures
of executive function, memory, intelligence, and daily living skills did nét correlate
significantly with synaptic activity in the frontal, temporal, or thalamic regions. In
addition, SPECT flow rates in the temporal lobe region (where the hippc)cémpal structure

and thus memory function can be localized) did not differ between the patient and control



grs')ups,v even‘thOugh the former cghsiétehtly= gco;ed lower on nveuropisychological tests of
memory "than their matched :cc‘)‘ntrols__ (Goldeﬁbefg, Oder, Spatt, & Podreka, 1992).
i Magnetlc Réspnance .Spectr8§c0py |

Brain damage;could‘ "réSﬁlt in changes in 'thé perrﬁéaﬁility of the blood-brain
barrier, which rhay lead to imbalances in brain; ’mfeitabol_ites; This imbalance is associated
with cellular damage aboile and beyond thé iﬁitial brain injury. Secondary brain injury
can‘,b‘e .causéd or enhei‘_n‘Céd"by_ excitatory ami'nof'aéi:d_s such as ‘gluténriate (Bakér, Moulton,
MacMillan, & Shedden, 1993) and aspartate (AdelSon &i Koéhanek, 1998). The buildup
Qf glutamate in synzipses along vﬁth hypoxia can trigge;r a qhain of intraceliular events
known as éxcitotox_ipity, which result in cell darhagé or dea_th (.T o’hnston, 2004).
Magnetic Réspnancv:'é Spectfoscopy (MRS), Which is a non-invasive ‘prc-)cedure availableA
on most clinical MR scaﬁﬁérs, brbvidés quantiﬂable méasu‘rcsj of neu:fohal and glial
niarkers, neufotransmitfers, energy metaboliteé, membfanej markers, arﬁohg 'cher
indicators of cell function ofdysfuncﬁon (Ho>on & Melhem, 2000). As suéh, it has
v reiatively recently be_en"suggested as a prognostic tool for TBI pétients (Ashwal et al.,
2000; Bigler, 1999; ’Brénrier’,’Ffeief, Holshouser, Burley, & Ashwal, 2003; Shutter, Tong, :
& Holshouser, 2004; Uzan et al, 2603). o |

Unlike MRI, which is sensitive to signéls from nuclei of water protons to
c>ons’truct anatomical images, MRS is sensitive to ﬁfoton nuclei of 'molecﬁles other than
- water that are present in vari.ousv Canentrations in tﬁe'brain. MRS has also been
suggested to be more ‘s‘ensitive at picking uﬁ Brain damage than MRI. In one study,
proton MRS from ;he'thélamus indicated notablebdamage ;md was associated with

severity of injury; this was true even when images from a conventional MRI indicated



norrrtal thalami (Uzan et al., 2003'). Thus, in the absence of visible structural damage,
MRS can be an effective tool in identifying areas of neuronal dysfunction (McAllister et
al., 2001).

In experimentatl animal models of traumatic brain injury, significant decreases in
the metabolites around the area of contusion were rloted, specifically for
ereatine/phosphocreatine (Cre/PCre), N-acetyl-asparatate (NAA), glutamate, inositol, and
choline (Cho). These deoreases Were followed by notable increases over time, indicative
of progressive cell recox.fv.ery. In addition, a strong signal for 1aetate was also detected
(Schuhmann et al., 2003), which is indicative of cell injury. Furthermore, several studies,
with both pedi_atrie and adult brain injury patients, have reported. reductions in NAA (a
neuronal marker) following‘ a brain injury (Ariza et al., 2004; Bigler, 1999; McAllister et
;;1., 2001). B |

ComparingiMRS t'o more traditional clinical’indicétors, AshWal and colleagues
(2000) demonStrated a itlore precise efficacy in predicting lorlg-term neurologic outcome
| 1n a pediatrie sample approximately 6-12 months post head irrji_lry (accidental and
‘nonacci‘dental). Patient'~§oeCtra acquired to calculate metztbolite ratios were taken from an
- 8 crn3 t(olurrre voxel of primarily gray matter irl the occ'ipit-al areet._ The clinical predictors
of neurologic outcome 1ncluded GCS, gltico'se levels atthe time of admission, occurrerlce
of cardiac arrest, 'pr"es'eriee of nonreacti'\re pﬁpils., days of vttncons.ciousnes»s‘ prior to MRS,
and total days :_in.oorr‘ia,. onventllatorandmthehospltal In this sample of 26 infants (t-
18 months) etod 27 chlldren (2 18 monthe), abnormal metabolite ratios (lower NAA/Cre
. or NAA/Cho; highe'r Cho/Cre) were reported in patients with poor oUtcome, as defined

by the Pediatric Cerebral Pérforrharice Category Scale. In addition, the preserice of



lactate was a s1gn1ﬁcant contributor to poor outcome, correctly identifying 96% of
patlents in thls category (Ashwal et al., 2000).

The prognostrc efficacy of MRS followrng pedlatric TBI was further confirmed
by another study conducted by the above researchers (Brenner et al 2003). MRS was
used to predlct the neurologlc and neuropsychologlcal outcomes 1 to 7 years post injury
in 22 TBI (accldental and nonacc1dental) patients (ages 1 week to 13 years at the time of

| 1nJury) Climcal and neurologlc varlables included age at 1nJury, presence of non-reactive
puplls, occurrence of cardiac arrest, ’GCS sCore at the time of i injury, number of days
unconSCious prior to MR studies, MRS metabolite data, EEG abnormalities (initial), as
~well as time passed since, injury. The neuropsychological measures included tests of
intellectual ﬁ,lnctioning, rnemory, linguistic abilities,'planning, attention, visuospatial
‘ processing, and sensorirnotor‘ abi-lities. Consistent with the findings of Ashwal et al.
(2000), the authors reported the presence of lactate to be a signiﬁcant predictor of poor
long-terni intellectual and neurop’sychological out‘come, Further, both intellectual and
' neuropsychological functlonlng were negatively correlated with the presence of lactate -
and the Cho/Cre ratio, and positively correlated with NAA/Cho ratio. In addition to the
MRS 1ndlcators, however, the chnical variables were also collectively effective as
prognostic indicators for long-term c_o'gnitive outcome (Brenner et al., 2003).
- Others have attempted to correlate neuropsychological indicators with spectra
from spec1ﬁc areas of the bram that have a known assocration with specrﬁc
, neuropsyehological tasks in adults. In-one study, 20 adult severe TBI patients and 20
matched controls underwent-neuropsychological asseSSments. Their performance was

correlated ‘with metabolite concentrations_ from voxels in the basal ganglia and temporal



regions. Decreased NAA/Cho ratios Were‘rlotedinboth"regions as compared to controls,
| _ with concentrat1on levels in the basal gangha pos1t1vely correlatlng with measures of
speed, motor scanmng, and attentlon (Arlza et al., 2004) |
Furthermore,,»MRS studies have more' reCently-focused on othermetabolites.
Occipltal glutamate/glutam'iﬁe (Glx) (Ashwal et 51‘.',,2004a) and myolnositol (mD)
(Ashwal et al., 2004b)‘ were signiﬁcar'rtlyeleVated irlTBI children when compared to
controls Although Glx levels d1d not dlffer between good and poor outcome cases,

higher levels of mI were assocrated w1th poorer outcome Ina sample of adult severe

head injury patients, however, Glx and Cho were both sensitive indicators of neurologic . iz A

outcome (poor/ good)- when spee_troscopy was ‘comple_ted early_» (7 days) (Shutter etal.,
2004).

The results from the above studles suggest that MRS isa relatlvely effectlve

‘ neurorad1olog1c tool When predlctmg neurologlc and cogmtlve outcome follow1ng a bram i

1nJury It remains to be determmed whether spectra from regrons other than those
tradltlonally sampled for MRS or regions Wthh are ass001ated w1th spemﬁo cogmtrve
 abilities are better predlctors of outcome followmg a TBI in chlldhood |
Suscept1b111ty W_elghted Imaglng' ‘ J
Su_s‘ceptibilit& Weighted Imaging (SWI) 1s a relatively_ recent heuroradiologic “ '
. method which uses cthentiohal MR scanners"t'o provide signiﬁcaﬁt improv.ements irr
Vlsuahzlng hemorrhages Developed by Mark Haacke of the MRI Instltute for
B10med1cal Imagmg in St. Louis, SWI was or1g1nally referred to as High Resolution
: BOLD Venographrc Imaging or HRBV (Rerchenbach, Venkatesan, S.chrlllnger, Kido, & -

| Haacke, 1997). This method was us.e_d_to visualize veins in the brain. Subsequently, the
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HRBV acronym was replaced bya more descriptive one, AVID BOLD or Applications
Venographic Imaging to DiagnoSe disease using the Blood Oxygen Level Dependent
properties of venous blood. | The latter can still be used if the nurpose of the procedure is
to visualize veins for vascular/anatomic purposes. Howeyer, the acronym SWI, a more
general umbrella, is now used to refer to any proce'du’re. used pre‘dominantly in the brain
to visualize vems to .reveal anatornic and/or physiologic information about tissue using
signal loss and phase data (R.eichenbach et al., 1997). Using this 'technique within an MR
scanner, vd_ifferences’i‘n ‘magnet_ic_ susceptibility or magnetic response to an applied
magnetic ﬁeldﬁilcan be detectedandquant1ﬁed ':re‘tf:ealing distinct information on quantity
“and location of oxygenated and deoxygenated venous products (Schewe Ste1n &
Riodon, 2002; Tong etal, 2004) ThlS technology can better detect hemorrhagic brain
injury by prov1d1ng sharper and clearer 1mages of the bram Wthh were prevrously
unavallable (Schewe et al., 2002) Although the SWI technology is currently used to
1mage the brain only, promlsmgvadvances W_lll allow its use to extend to-other areas of the,
body (Relchenbach etal, 1997) |
Because the SWI techn1que has only recently been 1dent1ﬁed very httle

 information is avallable in regards to its cllnlcal and prognostlc utility followmg brain
_vlnjury In add1t10n although various neuroradlologw techmques have demonstrated a
relatlvely strong efﬁcacy to pred1ct long-term neurologic and neuropsychologlcal
outcome, it is assumed that more of the variance in outcome spec1ﬁcally following
diffuse i 1nJur1es (ie., dlffuse axonal injury or DAI) can be explarned by more sensitive
1mag1ng technlques Thrs is in contrast to 1mag1ng techn1ques Wthh are based on

notlceable structu’ral’changes and/or abnormal' metabohte actlvlty (TOng et al., 2003). On
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this basis, the"team at Loma Linda University examined vt"he potential superiority of SWI
technology over more traditioha:lﬁrnetheds when predicting neurologic outcome following
pediatric TBI. |

Using GCS as an »outceme;meas'v’ure‘ onseven p‘ediiatric TBI patients,. the authors

breportvled that SWI is a more effective method of Quantifying brain injury and DAI than
more traditional approaehes .(Ton-g et arl. ; 2003) This was true for ’determinrng both the
location and the size of brain hemorrhages as compared to the more conven‘rlonal
gradlent recalled echo (GRE) MR 1mag1ng technlque Spe01ﬁcally, the proportion of
hemorrhagic lesions detected by the SWI teehnrque was approximately 640% greater
than that detected by conventional GRE, resulting in 200% more detected hemorrhagic
volume (Tong et al., 2003). In addition, GCS scores were inversely related to both the
nurrrber and \rolume of hemoﬁhages detected by SWI and the conventional GRE
technique. Also, a higher proportion of lesions were found in»the brainstem, the
cerebellum, and the corpus callosum than previously repOrted in the literature (Tong et
al., 2003). This finding is consistent with an MRI study loeking at pediatric TBI cases
where unexpected cerebellar atrophy was also found (Soto-Ares et al., 2061).

A similar follow-up study with a cohort of 40 children and adoleseents who had
incurred a brarn injury revealed that the number and volume of lesions from diffuse brain
injury (DAI) were significantly higher in patients with severe injury (GCS 3-8) as
opposed to those with mild to moderate injury (GCS 9-15) (Tong et al., 2004).
Furthermore, lesion number and volume were significantly different in patients who had
experienced more than four days in a comatose state versus those with four days or less.

These differences were still apparent when comparing severity groups on regional
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measures _of lesion number and volume. The regions studied included frontal gray and
white vmét.ter, parieto-temporo-occipital gray and white matter, thalamus, basal ganglia, |
corpus callosum, brainstem, and the cerebellum (Tong et al., 2004).

The initial results from SWI studies suggest that it is a more superior method of
detecting both hemOrrhag¢ number and Vol‘ume that are assoéiated with diffuse injuries.
SWI results also ai)pear to adequately distinguish between patients’ overali neurologic
dutcomé following a TBL 'It remains to be determined whether the increased detection of
hemorrhagic lesioh numbér ‘andvolume as well as better localization of iﬁjury by using
the SWI method will in turn be more predictive of long-term cognitive outcome as
measured by standardized heuropsychological tests.

‘ | Anatomical and Physiological Mechanisms of TBI

Traumatic brain injuries can be categorized into open head (or penetrating) versus
‘closed head injuries, focal versus diffuse injuries, or primvary versus secondary injuries
(Adelson & Kochanek, 1998). Open head injuries includev instances where the scalp
and/or skull are penetratgd by an object, resulting in locaiized injury, leaving the
unaffected areas intact (Farrrier & Peterson, 1995). Contrarily, closed head injuries result
from direct contact or inertial extefnal forces. The former involves an inward
compression of the skull at the site of the impact (“coup”) with possiblé subsequent
damage to the side of thé brainbd’ppdsitelto the site of direct impact (“‘contrecoup”). This
form of insult fesults in more localized damage while inertial force injuries result in more
giobal or {diffil_s:e-damladgé "(Far‘r‘ner &’Pété:rslon, .19955. Secondary insults, including brain
swelling, incréaséd intrécranial préssﬁfe,vivnfections, and bleeding can also follow as a

.~ result of TBI (Farmer & Peterson, 1995). |
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The neuropathological sequelae of a TBI are many and widely Varied, ranging
from »changesin‘ bone structure (i.e., fractures of the skull), tissue density, and water
content, as well as blood ﬂow, white matter integrity, pathway connectivity, and subtle
biochemical changes (McAllister et alr, 20-0‘1); The latter changes are currently
considered critiyeal in the gradual process that unfolds folloWing a traumatic brain insult,
which can be unlike.‘changes that occur following structural damage only (Novack,
Dillon, & Jackson, 1996) »

| - In addition, traumatic lesions in the brain can be due to different forces of impact.

Injury due to linear acceleration produce subdural hematomas and superficial contusions
While lesions produced from rotational forces (deceleration and acceleration) can cause
more widespread damage (Rosman, 1999). Although the latter can cause both cortical
sdrface and braihstem/deep gray matter injury, a significant irnpact folloWing such
injuries is due to. damage received to cerebral wh_ite matter or DAI (Rosman, 1999).
Shearing injuries are often observed on neuroimaging scans following TBI and often
‘result from differentialvmovement of brain regions with variable ti-ssue density (Rosman,
1999). Most damage of this kind occurs in the white matter between the frontal and
tempOral lobes, in the corpus callosum (particularly the posterior half ot‘ the body and
- splenium); ahd the bralnstem (Rosman 1999). -

DAI occurs in approx1mately half of all severe head injury cases and 35% of all
head 1nJury related deaths (Graham & McIntosh 1996) Although i 1ncreas1ng MRI
technology has s1gn1ﬁcantly 1mproved the ability to detect DALI more recent studies
suggest that DAI is harder to. dlagnose than prev1ously con51dered and that much too

often, clinical suspicions of DAIare not,co,ns.istent with neuroimaging results.



: Furthermore,childrenare more prone toexperiencmg fdi_ffuse injuries becauae of their S
unique- unbalanced head to body Tatio, weak,,_neck: musculature'; 'lack of ’myelination
(Adelson & K0chanek 1‘9?9'8)"an‘d also l;e:cauee th’eir,: d'eVeloping skull~.s'tructure does not i
protect them agamst dlstortions and sheanng as 1t does in adults (Franzen & Berg, 1998)
Although DAl is cons1dered to be a primary cause of functional deﬁcrt followmg :
A vPédiatrlc TBI (Rosman, 1999), rnore focal str’uctural damage 1ha$ also been' as‘siocrated
with outcome. For example pOor co’gnitive outcome has' been associated izvith‘damage'
as measured by neurormagmg tools, to the frontal and temporal regions (Berryhill et al
v,»l995 Levm et al., 1997 Mendelsohn et al 1992 Soto Ares et al., 2001 Wallesch
: Curlo Galazky, Jost & Synowitz, 2001; Wallesch ‘Curio, Kutz et al., 2001) aswellas
| the corpus callosum (Verger et al 2001) cerebellum basal ganglia (Soto-Ares et al.,
. | 2001), and bramstem As such, neuropsycholog1cal outcome studies have looked at both
‘ general cognltlve ab111t1es as well as spe01ﬁc ab111t1es funct1onally associated with
| pa_rticular brain structilres or areas. |
| _Structural Abnormality and Neuronsychological Outcome -
: Several studies hatle.éuggested neuropsychological ’impairment‘ following
‘-‘pedlatrlc TBI The literature reviewed by Rosman (1999) 1nd1cated that the most
common neuropsychological sequelae followmg pediatric head injury is memory
impairment,‘followed by attention problems; Although, as discussed below, numerous
studies have reported on neuropsychological deﬁcits following pediatric TBI, studies
specifically examining differences in neuropathology following bvarious etiologies of

“injury (i.e., more general injury such as DAI versus focal injury) in children are limited.
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Therefore, the literature fer adult and pediatric TBI is reviewed next, specifically with
regard to cognitive Outconie following DAL | |

Wallesch et al. (2001) assessed the neuropsychological skrlls of 60 mild to
moderate TBI patiente bet\is}een the ages of 16 and 70 years at 8-31 déjfs-and again 18-45
- weeks post irljury rn order to differerltiate cognitive outcomes following focal injuries as
co‘rvnpared te DAI. The neuropisychologi‘cal measures were designed to assess attentionb
and peyehemoror Spee‘d, memory furrctron, exeeﬁtive' funcriOns, as well as |
Visuoeonstructronal abilvities.‘ The clirlieﬁl measures addressed iri’cludedr the GCS at the
: eite of injuryg_n,d iiie ,Irrjirry ‘Severity Score (IS S) at admission (with hi'gher scores
indicatiye ef rnore' severe traurna). 'Ne'uroradrolog'ic measures included a CT scan at
admission, Which was used to assess the presence and extent of DAL In this study, the
extent of DAI wae associateel with notable neuropsychological deficits, particularly in the
weeks immediately following injury. The deficits observed from both DAI and focal
contusions were mainly related -te injuries in the frontal and terhporal lobes. As such,
reéulting impairments were limited to tests of executive skills (response selection and
sﬁppr‘ession), semantic ﬂuency,kha's well as behavioral deficits (Wallesch, Curio, Galazky
et al., 2001).

Ina separate but related paper, this Sarhe ‘group of researchers reported that initial
GCS was correlated with DAI (measured by a CT scan) but not with focal pathology
(Wallesch, Curio, Kutz et al., 2001). On tests of neuropsychological ability, extent of
DAI was in turn strongly associated with tasks generally associated with the frontal lobes,
inciuding d’eﬁc»its in semantic fluency and interference tasks. Local lesions, however,

were also associated with frontal lobe dysfunction, including problems with concept
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formation, ﬂuehcy tasks, and bel}a\{iéxél conce’ms‘. F,rontal contusions, on the other hand,
Wéré associated with Viéuorrio:tj(“ir. ﬁlﬁnﬁing lahdbierformétﬁce deﬁcits. B}ased on these
fesults, the authors conClLfded'.that both DAI aﬁd focal lesions can result in deficits
associated w1ththefrontal li)’bé's'f(Walleéjéh,X Curlo,Kutz et al., 2001).

In addition to fronﬁal and temporal regions, othér studies on TBI outcome have
reported struétural damage to‘“tl.le-cor’pu_s Call(;sﬁm bwith subsequent néuropsychological
impairments (Johnson, Pinkston, Bigier, & Blatter, 1996, Verger et‘a-l., 2001). In a study
- with a TBI sample of >97 édﬁits, Jéﬁﬁson aﬁci coll‘eagues’v(1996) compared the estimated
area of the corpus callosum (from MRI scans) to that of 166 normal controis.
Neuropsychological tests, including the vWechslcr Adult Intelligence Scale — Revised
(WAIS-R) and the Wechslér Memory Scale — Revised (WMS-R), were administered only
to the TBI patients. The authors repoﬁed a significant yet selective atrophy in specific
~ areas of thé corpus callosum, namely, the genﬁ (anterior bend) and isthmus (posterior
bend). The éuthors attributed the decrease in corpus callosum volume to either cortical
degeneration or DAI at sites other than the corpus callosum. Neuropsychological
findings suggeéted an as-sociation between splenium area aﬁd the Digit Symbol task (a
- measure of rapid gfaphomotor skills), speciﬁcally fbr female TBI patients. This finding
is in the context of appafent gender differences with regard to corpus callosum volume,
with women having a larger corpus callosum volume than men relative td their overall
| cranial volume (Johnson et ‘al., 1996).

Similarly, Verger et al. (2001) studied 19 children and adolescents at least six
years post TBI and compared their performance bn measufes of neuropsychological

abilities to matched controls. MRI scans were also used to estimate ventricular volume
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“as well as corpus callos,um area. The authors reported that the TBI patients performed
signiﬁcantly. poorer than__their matched controls on measures.fof general- intel_ligence,
visual 'memo_ry, visuospati_al. abilities, and frontal lobe flmctioning. _In addition, they

| reported that unlike ventricular volurne, corpus callosum area was signlﬁcantly
associated with both pro"cessing speed and visuospatial'abilities.(Verger et al., 2001).
Finally, one study suggested that the presence of petechral hemorrhage on neur01mag1ng

studies following TBI was assoc1ated w1th lower scores, spe01ﬁcally in the areas of
cognitive, motor, and academic.funCtioning (BoWen,_k_ 1995).

: Neuropsychological Findings (Following Pediatric TBl
Although sev"erity of injury is negatively associated with neuropsychological
outcome, it has been suggeSted thateven mild TBI has subsequent neurobehavioral
sequelae' (Blgler, 2003); despite negative neuroimaging results. Thrs may suggest that
‘some _structural or metabolic/physiologic damage may‘ eiiist b_elow thresholds necessary
for detect1on by neuro1mag1ng (Blgler & Snyder 1995) B
Ina long1tud1nal study of neuropsycholog1ca1 outcome followmg TBI in early life,. B

“Ewing- Cobbs and colleagues (1997) assessed 35 mlld/moderate and 44 severe TBI )
patients who ‘were between four months and seven years of age at the time of 1nJury A

. neuropsychologlcal battery, comprlsed of age approprlate IQ compos1tes, motor tests, and

receptlve/expresswe language ab111t1es was adm1mstered at baselrne (immediately

- followmg 1nJury) and agaln at 6 12 and 24 months followmg.TBI (Ewing-Cobbs et al., -

1997). Severe TBI patlents demonstrated deﬁcrts in all of the above neuropsychologlcal

areas as compared to the mlld/moderate TBI group Consecutlve assessments revealed

1mprovement of performance in all neuropsychologlcal domams over time (Ewmg Cobbs-
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et al 1997) Time past since mJury was reported to be 1mportant when predlctmg
-‘functlonal outcome Although severity of and time since 1njury were found to be
: :srgmﬁ‘cantly assomated with neuropsycholog1cal functlomng, age of i 1njury was not
re-lated»to outcome.v‘_‘In,fact;r cognjtive deficits folloWing TBI bctvyeenthe ages of 4-41
'vmonths and 42-72 months Were not different (Ewing-Cobbs e_ti 51.,' 1997)", It is 'important |
to note, however, that both groups of patients were relatively young (i.e., <6 years of -
age), which may‘account for :the lack of differences not_ed. |

| Reporting on a'eomparably older sample of pedlatnc TBI p_atients, a team of
' researchers from the'University of Wash‘ington published a series of cohort prospective |
studies to address neurobehav1oral outcome (J affe et al. 1992) The or1g1nal report
mcluded neuropsychologlcal outcomes on 98 TBI patlents out of the 129 chlldren ellglble
patlents on consecutive admlss1ons to two regronal hospltals Enrollment e11g1b111ty
1ncluded age (6to 15 years at the t1me of" 1nJury) and admlsswn to the hospltal duetoa
closed head injury (mlld moderate or severe as deﬁned by the GCS) In addltlon 98
controls matched for age, gender. school grade and academlc 'performance(as _prov1ded
by teacher assessments) were also enrolled 1nthe study | A comprehens1ve
neuropsychologlcal battery was admlmstered to all study partlclpants The TBI patient
group was admrnrstered. the batter.y approxrmately three Weeks followmg; ﬁlll orlentatron _
after injury. Thej:battery included me'asures of intelligence (Wechsler lntelligence Scale
for Ch11dren-Rev1sed), 'fadaptiy.eproblem‘ solvmg (Category Test, Progressive Figures,
Color ZFOrrn)’,Trails'B (9'to 14 year old‘hattery)j.memory‘(Calil”_or_nia Verbal Learning "

Test); academic (W ide Range Ac_hievem'ent Test — Revised); motor (Coding, name
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| writing, tapping,r gr‘ipb s'tr‘feng‘th);,.,kand psychornotor (Tdctual Performance Test) functioning
(defe et a1.,]1992)‘; % .
The results suggested,a marked }decline‘ in performance across all

neuropsychological domains, includrng intelligence, memory, adaptive problem solving,
- motor performance, and ’aCadernic .functiOnin"g”,«with poorer performance noted with
| 1ncreasmg injury severity (J affe etal., 1992). In addltlon although the moderate and
severe 1njury groups performed at normal levels on the 1nte111gence measure as compared
to -pubhshed nor_matrve data, _they revealed srgmﬁca_ntly .l‘ower scores than their
demographically matched cont’rors d affe et al., 1992), reiterart‘rng the importgnce of using
avhealthy com'parisonfgroup'\‘zvhen videntifying deﬁc"i'ts in performénce. S

| Although the above study 1nd1cated srgmﬁcant 1mpa1rments rn
neuropsychologrcal functlon1ng 1mmed1ately followrng TBIL,J affe and colleagues
‘performed longltudrnal assessments approximately one year following the initial
evaluations in order tod determine the chronicity of the deficits (J affe et al., 1993).
- Subsequently, 94 of the original TBI sample 'and their matched controls _we're retested
across all Six neuropsychological domains;»‘ Sirnﬂar to their original results, performance .

1n all six domains was significantly correlated with 4injury severity. ,This wds -especially -
. iﬁue'for vtests of intelligence, academic functioning, and motor perforrnance (Jaffe et al.,
_1993) In addition, severity of injury was related to recovery, determined by a rank-sum
measure of change for each domam (specrﬁcally for the moderate and severe injury
groups).'» Again, deficits were observed only when the patients’ scores were compared to -
their ‘matched controls and not when they were compared to published norms (Jaffe et ai._,'

1993).
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Three years following their TBI, 72 of the original patients and their matched
- controls yvere reassessed. Moderate and severe TBI patientsv consistently demonstrated
deficits compared to their control c’ounterparts across all neuropsychological domains
F ay et al., 1994). It was :concluded that the consistent deﬁcits experienced by this
patient population vat least up to three years post inj-ury, are not transientQ Again, the
association between i mJury severity and neurobehavroral outcome three years post injury
was noted (Fay et al., 1994) In a dlfferent pubhcatlon on this same sample, Massagll et
.al (1996) performed several more in depth analyses examlmng the relatlonshlp between-
~injury sever1ty and outcome They reported that srgmﬁcant 1mpa1rments were found
, spec1ﬁcally in patlents Who took at least one month to reach a GCS of 15 or Who had an
1n1t1al GCS i in the 3 -5 range (Massagh et al 1996)

Although studles Whrchprowde 1nformat1‘on ona wide array of
neuropsycholog1ca1/neurobehav1oral domams such as the cohort study reviewed above,
' are rare, there ‘are numerous studles descrrbrng the sequelae of spec1ﬁc cognitive and
neuropsychologlcal domams followmg pedratrlc TBI These studres will be reviewed
next. -

Learnmg/Memory |

The lrterature in the cognltrve sciences has 1nd1cated that there are indeed two
* main types,of memory, each with its own assoc1ated neurocrr'curtry (Nelson, 1997).
These'two ‘distinc.’t ‘vsystems have ‘been- given Various titles: memory vs. habit (Bachevalier»
& Mlshkm 1992) exp11c1t vs. 1mp11c1t memory, declaratlve Vs. procedural memory
(Nelson 1997) Revrewmg the neuroanatomlcal research on these tyvo mechanisms of

* retention, namely “,rnemory and “hablt,f’ Bachevaher andershkm (1992) outline the
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vfollowmg neur001rcu1try for each Stated 51mply, ‘memories” are“dependent on medial

:'temporal structures wh11e the formatlon of “hablts ? although less dlstmct are hkely to

1nvolve the strlatum (caudate and putamen) but not the temporal medial reglon (including -

the hrppocampus) cerebellum or frontal lobes (Bachevaller & Mlshkln 1992 Nelson,

1997) Because of the dlstlnctlon in neurocucultry in the two forms of memory function, |
; 1t is. beheved that damage to dlfferent parts of the brain can result in Varymg memory

deﬁ01ts | N

In order to 1nvest1gate th1s p0551b111ty, Ward et al. (2002) separately assessed
, procedural and exphcit memory in a group of 15 chlldren who had sustalned a moderate

. or severe TBI and compared their performance to 15 matched control subJ ects The
: procedural' memory tasks 1nvolved a motor-perceptual task (1.e. rotary pursult) and a
v cogn1t1ve task (1 €. mrrror readlng) The exphcrt memory tasks 1nvolved the recall or

recogmtlon of 1tems on the prevrous two tasks (Ward Shum Wallace & Boon 2002).

' 4The results‘from this study suggested _that the TBI group -performed significantly poorer
than the control group on the‘explicit memory tasl<s; there were no di’fferences in
performance on the procedural memory tests, suggesting that it is explicit and not implicit
. memory skills which are negatively affected by a‘brain insult(Ward et al., 2002).

| Roman et al. (1998) evaluated verbal memory skills in a ped1atr1c sample of TBI
patlents Partlcipants in this study meluded 44 TBI patients and 18 non-TBI trauma
patients who were admitted to San.D-iego area 1npat1ent trauma units and who were
v between 6 and 16 years 11 months of age. Exclusion criteria included left—handedness,
non-monolingual Engl’ish speakers, or children with any prior history of neurological,

psychiatric or medical disorders. Both groups of patients were ass'essed at approximately
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- one month post 1n]ury and again in three months using the California Verbal Learnmg
Test — Chlldren s Version (CVLT C) (Roman etal., 1998) The CVLT-C prov1des a
detailed analysis of an exammee s verbal memory and learnmg strategy skills, 1nclud1ng ,
general learning abi-lity (.., numb‘eri of Words“ reealled folloWing‘a series of
presentations, including time delayed recall tasks,);v‘type and-n‘umber of response errors;
' learning characteri‘Stics'(including learning slope 'and-'recall consistency); and learning
strateg’y' (i.e. ,:.semantic ‘or serial clustering vs. none)'.v“ The resnltsfromthis_ study
indicated that compared to controls, the severe TBI participants de‘monstrated a mild
encoding deﬁcit; eonsistent’with lower scores on immediate recall,rdel_ayed recall, and
recognition accuracy.n The mild/moderate TBI participants however' did not perform |
,dlfferently than the non—TBI controls (Roman etal., 1998) suggestmg that severlty of
injury is related to the extent of Verbal memory deﬁ01ts experienced.

Finally, gender dlfferences in regards to memory and_learmng“ability 1n pediatric
TBI were explored by one group of researchers based on the broader assurnptiOn that
- females eXperience a notably better outcome followingan msult to the brain (e., brain
infections or other insults dnring infancy) ’(Donders &Hoffman, 2002). Th'e"C'VLT—C
was administered to 30 male and 3VOF female patients ivvho'Were between 6 and 16 years of
age, experienced a loss of consciousness following TBI,- W_ho had no -pr’ior histories of
psychratric/neurologic problems or other Var1ables wh1ch Would potentially interfere
with study ﬁndmgs (1 e. non-monohngual Enghsh speaker) No dlfferences in
demographlc Varlables wh1ch could potentlally confound test results were found A
h1erarchlcal mult1ple regressmn analy51s was performed to predlct the CVLT C

composite T score.{Althoug_h length of coma, presence of an 1ntracran1a1 lesion, and age |
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at the time of assesSment_ were significant predictors (eirplaining 36% of the variance in
cornposite scores), gender added a statistically significant proportion of explained
variance (5%) (Donders & Hoffman, 2002). These study results indicate that females
may have a slight but remarkable advantage in verbal learning and memory abilities
following a TBI. Reviewing the literature in this area, Donder's and Hoffman (2002)
suggested that boys may be more vulnerable than gir.ls to language and/or learning
disorders, perhaps dueto the more asymmetrical development of the male brain (allowing
lateralized damage to have a signiﬁcant impact on related neuropsychologieal functions)
or due to hormonal influences during cerebral development (Donders & Hoffman, 2002).»
Attention/]nfbrmation Processing

Catroppa and Anderson (1999) evaluated the attentional abilities in the acute
- phase following injUry of ehildren_wh_o had sustained a‘TBI. Of the' 1‘67 children who
were consecutiizely admitted to the hospital for sustaining-ra TBI of Various severities, 76
met the inclusion criteria and volunteered to ‘participate in thiS‘ study 27 niild, 33
moderate, and‘ 1‘_6 severe TBI cases).. The 'inclu’sion criteria were: 1) between 8 and 13
years of age at time of injury; 2)_ docurnented head injury; and 3) medieal records which
cle.arly delineated 1nJury severity, ' The‘exclusion criteria were: 1) priOr history of a |
neurological, psych1atr1c, or learnmg dlsorder or prev1ous head 1nJury (Catroppa &
Anderson, 1999) Intellectual and attentlonal abilities Were measured Intelhgence was
assessed by the Wechsler Intelhgence Scale for Children Th1s Edltlon (WISC-III) whlle
sustalned attentlon and processrng speed were assessed by the Continuous Performance

Task (Catroppa & Anderson, 1999). -
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Analysis of varlance statistics sugge sted si gmﬁcant : group 'dlfferences»' among the

severe moderate: and mrld headmjury groups on:measur’e's of lntellectualﬂ functioning,
: mcludmg Verbal performance (nonverbal) and full scale (combmed verbal and

v | ‘performance) 1ntellrgence quotlents as well as the various. 1ndlces (1 € verbal
’ comprehenswn processmg speed freedom from d1stract1b1hty, and perceptual
,orgamzatlon) (Catroppa & Anderson 1999) Post-hoc analyses mdlcated that in

general the severe TBI group performed more poorly on these measures than the
' moderate and/or m11d mjury groups In addrtron durlng the acute phase followmg a braln
injury, the severe ‘TBI group demonstrated poorer sustamed attentron scores rn .
comparrson to the mild and moderate TBI patlents (Catroppa & Anderson 1999) There :
were no stat1st1cally srgnrﬁcant dlfferences among the severrty groups on measures of
processmg speed however a decreasmg trend in react1on trmes was found for the severe ’ :
TBI as compared to the m1ld and moderate groups Thrs Was attrrbuted to more
, 1mpuls1ve errors made by the severe 1BI group (Catroppa & Anderson 1999)

Kaufmann and colleagues (1 993) 1nvest1gated the attentlonal ab111t1es of mild,
moderate and severe pedlatrlc closed head injury patrents approxrmately srx months
following injury. Thlrty-srx chrldren between the ages of 7 and 16 years were included.
| ,Measures of' attentlon 1ncluded the Digit Span subtest of the Wechsler Intellrgence Scale
for Chlldren - Rev1sed (WISC—R) and The Contmuous Performance Test (K-aufmann,
Fletcher Levm Mmer & Ewmg—Cobbs 1993) Results suggested that severe TBI
pat1ents performed more poorly on the Contmuous Performance measure than either the
mild or moderate TBI patients. This relatronshlp betvveen performance and injury

~ severity was not present for the Digit Span subtest. In addition, age of the child had a
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significant impact on performance; namely, younger patients exhibited poorer scores on
| the c_ontinuousperformance task.‘ The authors concluded that brain injury, specifically

when lt oceurs early in life, can have a significant impact on'attentional and information
: processing abilities (Kaufrnann etal,, 1993).

A later study conducted by Ewing-Cobbs andvcolleagues (1998) prospectively
evaluated the long-term consequences of pediatric TBI on attentional abilities. The
participants in this study included 91 children who were evaluated ﬁve.to eight years
after injury and ranged between »4mon_ths and 15 years of age at the time of TBL
Exclusion criteria uvere 1) history of a neurologic, neuropsychological, or developmental
disorder ,2) ﬁon—Engflish*sr‘)eaking;’v3) suspicion of abuse'orneglect and 4) penetrating
~ braini InJury (Ewmg Cobbs Prasad etal., 1998) Us1ng a theoretlcal framework of
attention with four components Ewrng-Cobbs and colleagues (1998) measured 1)
focus/executive SklllS (Codlng and Dlgrt Symbol subtests of the WISC Trall Making
‘Test, The Underlmmg Test and the false alarm scores from the Contrnuous Recogmtlon
Memory Test); 2) shlftmg in attentlon (Wlsco_nsm Card Sortlng Test — number of
categories completed and number of perseverativ,e errors); 3) attentional encoding
(A-rithmetic and Digit Span sul)tests of the WISC); andv 4) sustained attention (adaptive
rate of the Continuous Performance Test) (Ewing-Cobbs, Prasad et al., 1998).

| Consmtent with the ﬁndlngs of Kauffman et al. (1993) the results from this study
indicated that severlty of i injury was associated with performance on tests of attention;
specifically, part101pants who had experlenced a severe TBI had 51gmﬁcantly lower
scores on the focus/executlve and shift construct tasks than those with mild-moderate

injuries (Ewing-Cobbs, Prasad et al., 1998). In addltlon, notable age effects were also
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found with younger partlclpants regardless of i 1nJury severlty, con51stently scoring lower
*on the basic attention test (1 e. Dlglt Span) and on the adaptlve rate on the Continuous
Performance Test (Ewmg Cobbs Prasad et al 1998) Flnally, an interaction effect
between age and i 1njury severrty was reported for tlmed tests of perceptual -motor skills;
spec1ﬁcally, lower scores were noted in both the severe and the mlld moderate younger
TBI patients and also in the older severe TBI group (Ewlng-Cobbs, Prasad et al., 1998).
The authors attributed these ﬁndings to differences in developmental status. Namely,
skills, which were in the process of development spec1ﬁcally rapid development (Ewing-
Cobbs, Lev1n Elsenberg, & Fletcher, 1987), were at greater risk for disruption than were
more well established abilities (Ewing-Cobbs, Prasad et al., 1998). -

Finally, Vriezen andPigott (2000) evaluated aspects of attentional abilities and |
the efficacy of commonly used measures to determine deficits in pediatric TBI patients.
They administered the Continuous Performance Test, the Digit Span subtest of the
Wechsler Intelligence Scales, the Trailmaking Test, as well as the Attention Problems
scale from the Achenbach Child Behavior Checklist in order to evaluate aspeets of
attention. These measures were administered to two groups of pediatric patients between
four and nine months post—injuryy (14 mild TBI and 13 moderate and severe TBI patients)
(Vriezen & Pigott, 2000). The authors reported that no impairments were vnoted for either
of the groups on the Digit Span subtest, the Trail Makrng Test, or the Achenbach
Attention Scales. However, moderate/ severe brain ‘injury patients ’demonstrated poorer
scores on the Continuous Performance Test (Vriezen & Pigott, 2000). The authors
iterated the importance of measuring sustained attentional abilities in addition to basic

attention when evaluating deficits in this population (Vriezen & Pigott, 2000).
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Executit}é F unctions
Executive skllls are defined as a | ..collection of related yet dlstlnct abilities that

provrde for 1ntentlona1 goal- d1rected problem solwng action” and “...an umbrella
construct deﬁned as the control, »supervisory, or self-regulatory functiOns that organize
and direct all cognitive activity, emotional response, and overt behavior” (p. 138) (Gioia
& Isqulth 2004) Because the executlve circuits are beheved to be associated with the -
frontal lobes, spe01ﬁcally the prefrontal cortex, it is assumed that damage to this area of
| the brain, wh1ch is relatwely common following TBI, will disrupt the associated
cognitive processes.v Further, a -review of the available _literature‘by Brookshire et al.
(2004) indicated that While most neuropsychologicali deﬁci.ts recover over time, deficits
in executive functioning are persistent (Brookshire,' Le’vint» Song, & 'Zhang, 2004).

| Considered a’signiﬁcant aspeet of ei(ecutive abilities, Ha.nten et al. (2000) studied
the construct of metacogniti{o‘nfol’lowmg ‘pediatric TB‘I in nine pa‘tient‘s'andnine matched
c’ontrols. Although no differences in recall abilities were noted between the patient and
control groups, the TBI patlents demonstrated s1gn1ﬁcant deﬁ01ts in the1r ab111ty to
identify the ease by whlch an item could be learned or to predict recail of a test item
, following a l-ong,delayv(Hanten', Bartha,‘ & Levi_n, 2000)._ Ina‘ similar study, Hanten et al.
(2002) studied selecti\?e learning,ior one’s ability :to.choose- items to learn among many
others, which is a specrﬁc component of metacognltion Performance ona selectlve
leammg task in a sample- of 14 TBI chlldren (ages 8- 15) was compared to that of healthy
‘age matched controls Agaln although no dlfferences in abrhty to encode and recall a

series of words were apparent between the TBI and control groups, the former
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’demonstrated signiﬁcant de.ﬁcits on the selective learning task (Hanten, Zhang, & Levin,
2002). | .

- Word ﬂuency, as rne_a's‘ured‘by the number of vvord-s“ generated for three given :
letters w1th1n 60-s'econd in‘tervals.'each,, 1s Valso a commonl‘yused measure: of frontal lobe
~ function. Levin et al (20015) studied perfonnance on a Word ﬂuency test ina 'longitudinal
' sample of 122 closed head TBI pat1ents (78 severe and 44 m1ld 1nJur1es) In addltlon
they compared the performance of 1 12 closed head injury ch1ldren (68 severe and 44
mild 1n_]ury) on the word ﬂuency test to 104 normal matched controls in a cross-sectional
study (Levm Song, Ew1ng -Cobbs, Chapman & Mendelsohn 2001) In the cross
sectional analyses, the severe TBI group =performed 51gn1ﬁcantly worse on the word
fluency measure than the ‘mlld and 'the control groups. __Similarresultswere obtained in ‘: .
the longitudinal analyses with a'slovver ‘recovery in vworld ﬂuency ahilityassociated with
severe injury, spe01ﬁcally in the younger patlent group Th1s ﬁndmg was. not true for the
older severe TBI group or the younger m1ld TBI group (Levm etal., 2001) Poorer
performance on this measure was also assoc1ated with damage to the left frontal lobe only
(Levin et al., 2001), perhaps because the left hemlsphere of the bra1n is prlmarlly
assoc1ated with ‘verbal abrllt:les in most 1nd1v1.duals. In addltlon to the measures of
executive function re_vievved above, deficits in working memory have also been identified
in pediatric TBI;populations, with severity of injury being associated with extent of
Vvdeflcit_ (Levin et.al'.‘, 2002). Working memory refers “...to the computational ability to |
relate old 1nformat10n to new, 1ncom1ng1nformat10n” (pg. 21) (Roncadin, Guger,

Archibald, Barnes, & Dennis, 2004). -
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Further, ‘Slomine.et al (2002)‘evaluated.68 TBI ‘patients (ages 7-15)’ with

moderate or severe TBI approx1mate1y : y r'.post 1nJury 1n order fo assess the nature
) and extent of execut1ve deﬁ01ts In addrtlon to us1ng a word generatlon test (descrlbed
above) these researchers used a measure of problem solvmg ab111ty (Tower of Hanor) as

a measure of categorlzauon and ablhty to shlft rules and strategres When problem solvrng ‘

v- (Wlsconsm Card Sortlng Test) (Slomme et al 2002) Controlhng for premorbld
’ 1ntellectual deficits and behavroral problems, the authors were able‘to demonstrate a
| positiVe‘ relationship‘ between .age at injury-;and perfonn‘anceon "rnea'sUres”of executive :
functlomng Us1ng avallable MRI data Slomme and colleagues (2002) found 1 no
‘assocrat1on between frontal lobe le51on volume and performance however a 51gn1ﬁcant #
| a55001at10n vwas found between extrafrontal le51on volume as. well as total number of |
les1ons and poor performance on the word ﬂuency test These authors concluded that -
'younger age at 1nJury isa 51gn1ﬁcant rlsk factor for cognltlve deﬁcrts spec1ﬁcally for
executive functlons In addltlon they suggested that damage to areas of the brain other
than the frontal reglon alone may have a role in cogn1t1ve deﬁcrts (Slomme et al 2002)
~even 1f these deﬁ01ts are tradltlonally consrdered part of the. frontal lobe 01rcu1try
Usmg the Wlsconsm Card Sortmg T est ona sample of 80 TBI chlldren (9-16
years of age) on average two months followrng 1n3ury Klzllbash and colleagues (1999)
| examlned the factor structure of the test as well as assomatlons between each factor and
| chnrcal Varlables., Con51stent,w1th 51m1lar ‘studle.s m adult'sarnp-les, the authOrs reported a -
| 'three:faCtor SOlution‘ for the lte"stvariables ',ihc1ﬁding '11) a responSe accuracy dimension
| (i.e., erroneous and/or perseveratlve tendenmes 1nefﬁc1ency in detenmnlng the first

conceptual rule as Well as the conceptual pr1n01ples of the task) 2) dlfﬁculty in con51stent s
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self-monitoring; and ’3) improvement in efficiency with strategies used to soli/e problems
over the span of the test (Kizilbash & Donders, 1999). Significant associations were
found between the response accuracy factor and both age and length of coma, with older
age and shorter period of coma being associated with better scores. No such associations
were found_ between the latter and the second two factors (Kizilbash & »Don‘ders, 1999).
The results from this study are‘consistent with others (Levin et al., 2002“ Levin et al.,
2001; Slomine et al., 2002), whlch have 1ndicated that age at injury is associated with
poorer executive functlomng ab111t1es
~Although test‘-based measures are rela'tively common methods of assessing

executive functlonmg, 1t has been suggested that such formal measures tap 1nto the

molecular level” since they address only‘spe01ﬁc components of executive functlomng
such as Working memory and planning, among others(Gioia & Isquith, 2004). A molar
level or “real-world”:assi’essnientof a“child’s executive functioning is encouraged, which
takes into account..how aspects of e}xecutiv_eabilities play out in the child’s ei/eryday |
physical and social environment. | |
| | Langudge |

Chapman and colleagues (1992) assessed the narra_tiVe discourse abilities of 20

children and adolescents approXimately one year post TBL Children were asked to
verbally produce a narrative for shown pictures. These narratives ‘Were rated in terms of |
language structure, informationstructure, as .Well:as flow of information (Chapman et al.,
1992). Similar to other domains of ineurg_)psychologic‘al functioning following TBI,
severity of injury, measured by impairment in conseiousness, was ‘associated with deficits

in language and information structure, cOnﬁrming' original hypotheses that severity of -



injury is assoc1ated w1th “dlsorganlzed d1scourse” (Chapman et al., 1992) The authors -~
associated thls ﬁndmg to the role of frontal lobe c1rcu1try, wh1ch 1s a common area of
lesion following TBI, in language productlon 'Wlth par_tlcular,’emphas_vis;‘on lvocabulary .

and memory funct1ons (Chapman et al., 1992) ST

Similarly, Chapman and colleagues (200 l‘):longltudlnally assessed the language -
abilities of 22 severe and 21 m1ld/moderate TBI patients between the ages of 5 and lO
over the course of three years post injury. Much hke the study descrlbed above these |
researchers presented a sequence ofp\lc,tures for yyhich ptyatlentswere asked to produce a - ,
narratiVe discourse. Agaln, severity of injury yyas ‘associated with performance, with the' .
severe TBI group performing more poorly than the mild/moderate TBI group (Chapman :
etal., 2001). The 'authors;concluded that severe TBI can result in signiﬁcant impairments
in language abilities speciﬁcally related to ’narrative discourse (Chapman et al.,v 2001).

Finally; ina review of the effects of pediatric TBI on measures of language
vab1ht1es Ew1n-Cobbs and Barnes (2002) reported that a ch1ld’s developmental status is a

| significant pred1ctor of outcome in language abilities followmg TBI and that differential
outcome in language abilities are apparent for different age grou_ps. Spe01ﬁcally, it
appears that younger children: (Withl severe TBl) have difﬁculty With both lexical (word
knowledge)and narrative/discourse abilities. Contrarily;'children who are older at the
time of TBI demonstrate difﬁculties only in “higher-"order discourse flmctions” (Ewing-
Cobbs & Barnes, 2002). This may in part be due to the reality that _TBI affects the extent
and nature of deficits in cognitive skills which are in the process of or which have not |
‘been acquired, but not skills that have .been learned or over-learned (such as lexical

knowledge). In addition, Ewing-Cobbs and colleagues (1997) suggested that persistent
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: déﬁcits in neurnnsychologi’cnl‘ functioning in géneral, including langua_ge' abilities, may |
‘be d.ué'to lack of acquisition of}lskills‘ fo’llowi’ng sev_ére TBL | | |
_ Acddené‘ic’xéllchiévement

Few studiesv havé speci‘ﬁéally a‘ddrésbsed;academiq nrdblems follonx}ing pediatric
TBI. Ewing-Cobbs and colleégues (1998) conducted a two-yéar longitudinal study of the
academic achievemenf and ‘placfement of 38 children (5-10 years of age) and 23 |
adolescents (11-1 S‘ycars bof age) with either severe or mild/moderate head injury. The
in.clusi-on“nriteria for the sfudy welfe' 1) TBI requiring hospitdlization, 2) no prior history
of TBI, other learning disabilities, or developmental delay, 3) resnlntion of posttraumatic
.amnesia by»at least the third mdnth following injury, 4) no suspicion of neglect or
phySical abuse, and‘ 5) English as a primary language (Ewing-Cobbs, Fletcher, Levin,
Tovino, & Miner, 1998). The Wide Range Achievement Test, including measures of
reading, spelling,band mathematics, was used to screen for age appropriéte academic
achievement. This measure was administered at baseline (upon resolution of
posttraumatic amnesia) and again atA6, 12, and 24 months post injury. Academic
placement was assessed by revieWing schoql records approximately two yéars following
the injury; variables of interest included the child’n classroom level (i.e., accelerated,
regular, or modified curriculum), any changes in level since prior to injury, and whether
the child failed a grade (Ewing-Cobbs, F>letcher et al., 1998).

The results indicatgd that severe TBI natients obtained lower scores in all three of
the achievement areas (1e, reading, épelling, and mathematics) than those in the
mild/moderate TBi group. Faqtoring out'se_ve'ri’t.y of injury, however, adolescents were

more likely to score lower on the mathefnatfcs and reading tests than the younger
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vchildren. In addition, overall scores increased between the baseline and six month
assessments; however, ‘no changes in scores were evident after six months (Ewing-Cobbs,
Fletcher et al., 1998). The au‘thors fsuggested that although both groups of TBI patients

. achieved aVerage scores on the ‘achievement tests by two years post injury, a significant

’ ,proportion (79%) of the severe TBI cases were either in special education classes or had
failed a grade in school._ ,They ‘recommended that t'raditional: measures of academic
performance may notbe sensitive to the speciﬁc deﬁcits experienced by pediatric TBI
patients (Ewing4Cobbs, Fletcher et al., 1998).

o Finally,‘ using growth curve analyses, longitudinalp models of academic
perforrnance after pediatric TBI Were_ eXPlQred by Ewing-Cohbset al. (2004). | Changes
~in academic perfonnance across at least three c0nsecutive asSessments of academic

performance were noted. Speciﬁc'ally, older children eXperienc,ed greater increases in
their acadermc achlevement scores over trme than thelr younger counterparts This was
'true for both the severe TBI and mlld/moderate TBI groups although the severe injury
group scored consrderably and consrstently lower on the academlc measures than the1r
| age matched mlld/moderate TBI peers (Ewmg-Cobbs et al 2004) ”
Psychzatrzc/Behavzoral Functzonmg |

1Rélative1y fe'uv\studles; have assessed the beha\_nor_alt and/or psy’chiatridoutcome ,
foIIOWing pediatric TBI A hr\i{efifreView of 'the‘ studies ‘in this area. suggest temperament -
changes 1ncreased )1rr1tabr11ty, aggresswe and hyperactlve behavrors 1mpulsw1ty, temper i
outbursts and dlfﬁcultles w1th soclal and 1nterpersona1 relatlonshlps are relatlvely
common, and partlcularly chronlc in severe Versus mlld/mo_derate head i injury in children '_

(Adelson & Kochanek, 1998). =~ -
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o In one study, the 1nc1dence of elevated behavroral problems four years post 1nJury o

were hlgher in the vsevere TBI group (36%)_than the moderate TBI (22%) and orthopedlc

. (no head 1njury) (10%)‘ groups (Schwartz et al 2003) Behavroral problems were
typlcally noted Wrthm the ﬁrst year post 1nJury WIth s1gn1ﬁcant predrctors 1nclud1ng
severe head 1nJury, socroeconomlc dlsadvantage and pre 1nJury behavioral concerns.

- Furthermore, current».behav1or_al._problems were;assomated wrth poo_r workrng memory

: and adaptive behavior skills, ‘adverse ‘famlly outcorne_s, an_d.»poor school and ;_behavior |
competency (Schwartz et al 2003) A

| Fletcher et al, ( 1996) reported on the behavroral outcomes and adaptrve

_vfunctlonrng followmg pedratrlcv closed head m]urres Therr sample consrsted of 138 mild, -
imoderate and severe TBI pat1ents between the ages of 6 and 16. All of these patients |

were assessed us1ng the Personahty Inventory for Ch1ldren Revrsed In add1t1on 77 of
these part1c1pants were also admlnlstered the Vmeland Adaptlve Behav1or Scales
(Fletcher et al., 1996) Although sever1ty of 1nJury was not related to any of the subscales

- onthe personahty 1nventory that related to psychopathology per se, s1gn1ﬁcant group
drfferences were found on scales measurlng varrous aspects of cogmtron w1th the severe
T_Bl group revealmg more difficulties in this area than the mrl’d or moderate head injury
groups (Fletcher et al., 1‘996v)> ln .addition the Co'mmunication and the Socialiaation

' subscales of the Vrneland Adaptrve Behavror Scales were consrdered notable areas of
difficulty for the severe but not the moderate or mild TBI groups (Fletcher et al., 1996)
~Although severlty of i 1nJury was a dlstmgulshmg factor for performance on some of the

behavior scales as summarlzed above other clrmcal factors such as size and location of
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- frontal lobe lesions i(as determined' by MRI results) were not (Fletcher et al., 1996). This,
| again, hi_ghlights the-importance of injury severlty on behavioral outcome.
| In addi.tion,’ Bloom and colleagues (2001) reported on both lifetime_ and novel
o psychiatric disorders in 5 sample of pediatric TBI patients who were between 6 and 15
years of age at the time of inj‘ury. Forty-six patients were ei;aluated approXimately one »‘
year post 1nJury using both standardized measures (self and parent ‘reports) as well as
semistructured intervievsrs of both ’patient’s and perents (Bloom et 51. 200’1). Although
both novel and lifetime (premorbrd) psychiatrlc problems were identified, a significant
proportion reported novel dlsorders The most common psychiatric d1sorders were
Attention-Deﬁc1t/Hyperact1v1ty Disorder (ADHD) and a range of depresswe disorders,
~ which were present in approxrmately half of the sample (Bloom et al., 2001).
Furthermore although both 1nternalizlng (1 €., anxiety, depress1on) and extemahzrng (ie.,
behavioral disorders,-ADHD)'problems were apparent, the former ‘were more likely to
resolve than the latter. Betsed on their findings, the adthors concluded that novel
| psychiatric disorders arevreletivelycommon Vinpediatric TBI patients (Bloom et al.,
200}1), and should be screened and treated accordingly.

With regard to ADHD specifically, Max et al. (2004) reported that among a
relatively large sample of pediatric head injury patients (severe TBI n =37,
mild/moderate TBI n =57, orthopedic non-head injury n = 24), severity of injury was
associated with acqnired or “secondary* ADHD. Also related to the diagnosis were
deficits in intellectual and etdaptive funct_ioning, as well as personality changes. Lesion
location, as determined by CT scans, were not associated with secondary ADHD (Max et

al., 2004), perhaps because CT scans are not sensitive to diffuse injuries which are
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commonly a55001ated with the outcome studled The authors clalmed that although

severe TBI status is markedly a55001ated wrth post 1njury attentlonal problems it remains

unclear whether moderate. TBI can result in such symptoms 1n the absence of premorbld

v dlfﬁcultles (Max et al 2004) Furthermore Schachar and‘colleagues (2004) reported

that secondary ADHD was not related to age at the trme of 1nJury or tlme s1nce 1nJury but

rather with premorbld behavroral problems After 1nd1v1duals wrth pr 1 ‘orbrd diagnoses.

were excluded, an ADHD diag’nosmi. was three t1mes more‘?common’ 1n hea'd -1njury
children as compared to controls (Schachar Lev1n Max Purws & Chen, 2004)
Summary of Neuropsychologlcal Outcome thelrature. |

Although a s1gn1ﬁcant proportion of ped1atr1c TBI patrentsregaln ambulatory and
self-care SklllS a substantial number demonstrate d1fﬁcult1es w1th llngerlng
neuropsychological and behav1oral deﬁclts Spec1ﬁcally, when compared to age rnatched
non-brain 1n]ured trauma patients or healthy normatlve groups ‘pedlatrlc TBI patlents
perform more poorly on several measures of neuropsychologlcal functlonlng As noted
in the literature review above, speciﬁc deficits have been»documented on measures of -
intellectual abilities (both verbal and nonyerbal), academic performance, adaptive
problem solving/executive skills, attention/information proce‘SSing ‘speed; leaming and ;
memory, speeded motor tasks, language, and perceptual-rnotor slcills. In addition to
neuropsychological measures of variOus‘cognitive abilities some studies have indicated
novel and premorbid psych1atr1c and/or behav1oral problems most comrnon of which
have included ADHD and depresswe dlsorders ’

Moreover, seVe’rity of injury has con“si‘stent_ly been associated w1th :p00rer

outcome on measures of neuropsychological functioning; both during the acute phase
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following 1nJury and IOng-'term functroning. Finaily, in addition to severity of injury, the
_j abovere'vie\.)v‘ of the literature ha_s revealed age at the time of injury to bea significant |
’predi‘.ct_’or:of neuropsychological outcome, with .younger‘ children'demonstrating poorer
. performance on‘seVeral,outcorne imeaéures as*compar”ed. to their older counterparts.
:These‘ ﬁndings- are n.ot‘ surprising because the pred;ictors.of‘ ioutcor_ne following brain
injury' in childrenare diverse and include an interplay BettVeen.the speciﬁc
pathophysmlogy of bram 1nJury, developmental stage of the chlld at the time of injury,
and the length of time passed since 1nJury, as well as the psychosocral resources available
to the ch11d (1 e., premorbld ab1ht1es course of newly acqulred skills, famrly, school, and
peer support and rehablhtatlon) (Chapman & McKlnnon 2000)
Study Obj ectives
Neuroradlologlc ﬁndlngs are 1mportant prognostlc 1ndlcators followrng a brain
injury. However thelr long-term chmcal ut111ty, spemﬁcally w1th regard to functlonal
out_come, are yet to,be_ better unde'rstoodand documented.j Predlctlng functlonal outcome
folloWing TBI m chd’ldren is- extremely iniportant b‘ecause 1t can' nrouide’much needed
‘ 1nformat10n to the patlent hlS or her family, careglver(s) and teachers with regard to
ab111ty, expectatlons and opt1mal methods of treatment The followmg study is designed
) to assess the long-term relatlve predlctlve efﬁcames of the SWI and MRS techmques |

dur1ng the acute phase followmg TBI ina sample of pedlatrrc patrents In add1t1on

chmcal varlables mcludmg severlty of 1njury (as determmed by the GCS) age at time of
injury, and t1me smce 1nJury w1ll be used as covarlates 1n the results since based on the
llterature rev1ew above, these varlables are 1mportant 1ndlcators of outcome following

pediatric braln'ln]ury'_ :_ FL
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Hypotheses
|  Based on the 11terature review above the followmg hypotheses are proposed
1. ,On average TBI patrents will perform more poorly (i.e., there wﬂl be
_‘ : statlstlcally'srgnlﬁcant d1fference~s 'mgroup means)‘ on all.measures of
1ntellectual and neuropsychologlcal functlomng than age matched healthy
‘ 1nd1v1duals based on the standardrzed age approprlate pubhshed norms for
each instrument. | |
2 Con51stent w1th the avallable 11terature itis hypothes1zed that
" a) T1me passed smce injury (m years) w111 be posmvely as5001ated w1th
o 1ntellectual and neuropsychologlcal outcome 1to4 years post injury;
b) Age at the time of i injury (1n years) w1ll be pos1t1vely assocrated with-
| _1ntellectual and neuropsychologlcal outcome lto4 years post injury;.
c) 'Injury severlty (as deﬁned by the GCS) w1ll be negatlvely associated
B w1th 1ntellectual and neuropsychologlcal outcome 1 to 4 years post
‘ m]ury. | ’
'Neuropsychological ’outcome:.is defined as the comblned "(ayeraged) ks‘tandardized ‘
v )scores 1nthe folloWing ‘domains:‘ memory »(Verbal and 'nonver-bal) | -‘ | ‘
‘attentlon/mformatlon processrng speed problem solvmg/executwe skills, visual-
B perceptual ab111t1es language sk1lls motor sk1lls and academlc ach1evement
3. Based on the MRS neuro1mag1ng resultS'
a) On both the smgle Voxel and multl-VOr(el spectra, the N-acetyl-
: aspartate and chohne rat10 (NAA/Cho) will be posmvely correlated

' w1th 1ntellectual and neuropsychologlcal outcome indices;
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| b)' On Both thesmgle Voxel and multi-voﬁ_rel spectra, choline (Cho) and
. creatine (Cre) Will be negatively correlated u/ith ‘itellectual and
> ,;f..;'neuropsychologlcal outcome 1nd1ces 3 |
| -c). Add1t10nal metabohtes fromv the smgle-voxel analyses 1nclud1ng
glutamate_/glutamme -(Glx), myornosnol (r‘nI), and lactate (Lac) will be
o negatively correlated with .intellect‘ual' and neuropsychological
d) Exploratory analyses will be ’conduc,ted_ to investigate whetlrer regional
MRS results from the multi-voxel imaging in11 Vary in association .
with spec1ﬁc neuropsycholog1cal outcome indices.
Based on the SWI neuro1mag1ng results
a) Both total hemorrhage volume and les1on number erl be s1gn1ﬁcant
pred1ctors of 1ntellectual and neuropsycholog1cal outcome; |
b) Total lesion number as determined by SWI will be a better predictor of
intellectual and neuropsychological outcome compared to lesion
number determined from conventional Ml{ images (GRE);
¢). Exploratory analyses will be conducted to inVestiéate yvhe‘tlrer regional ’
hemorrhage volume and lesion number will vary 1n association with
speciﬁc ‘neuropsychological outcome indices.

Exploratory analyses will be conducted to 1nvest1gate the relative pred1ct1ve

efficacy of MRS and SWI results on intellectual and neuropsychologlcal

outcome.



METHODS
Participants
Forty children and adolescents (betweén the ages of 1 and 18) who presented at
the Ldma Linda Uﬁiversity Children’s Hospital (LLUCH) for sustaining a TBI between
January:, 2000 and Aprﬂ, 2003 were eligible to participate. Incluéion criteria were
patients who 1) received MRS and SWI as part of their routine clinical care following
medical stabilization after brain injury, 2) were at least one year post injury at the time of
the neuropsyChologi;:al evaluation, and 3) provided appropriate consent (parental consent
if under the age»of' 18) to ‘part'ivc‘:_ipate in the study (see Procedure section below).
‘Exclusion criteria mcluded .patiénté l) who Were living in a comatose or a vegetative state
or2) for'%)vhom English was not a primary lénguage.
| ‘Pro_cedu;e“
Once Lomab Linda University Institutional Review Board (IRB) approval for the -
study protocol was gran’ted (Appendix A), eligible patients meeting inclusion criteria
) Were contactpd by 'télephone with a brief description of the study. If patients were
éurrently miﬁérs {under 18 years éf age), their pérents were contacted first. Interested
' patieﬁfé/parehts were scheduled for a neuropsychological evaluation.

, : All héuropsychological asseésments we:l':e conducted at the Kids FARE laboratory
of the Loma Linda University Graduate School. On the day of the appointment, patienté
(ahd their parents if minors) were prOVided further detail regarding the study protocol and
the informed. consent documents. Appropriate signatures were collected on the informed.
consent (Appendix B and C), assent (for minors) (Appendix D)V, and Personal Health

-Infbrmation (PHI) (Appendix E) forms. Patients and/or their parents were advised that
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the assessments would be paper and penc1l in nature w1th mlmmal r1sk (1 e fatlgue)

They were also remmded that their partlc1pat1on was Voluntary a.n‘:'. that w1thdraw1ng E
from the study at any time would not 1nterfere w1th the1r med1c’ re"’i.:atLLUCH

~ Enrolled pat1ents under the age of 18 were asked to be accompamed by a parent
during the entire testmg sess1on ‘While their: chlldren were. bemg tested parents were
asked to complete a measure of the1r ch11d’s behayloral and emotlonal funct1on1ng
(BASC-PRS). On average‘ assessments took betyveen two to three hours dependlng on
the age of the participant and his or her ab111ty level.'j' In return for the1r part1clpat10n, a
summary report outlininé the results" of the neuropsychologlcal assessment, as:well as a
 list of relevant recommendations and referrals were provided‘ for all particlpants. In
addition to the neuropsychological evaluation, patients ‘were offered a neurologic
evaluation conducted by an LLUCHv‘pediatric neurologist. - | |

Data Analyszs and Storage |

Accommodat1ons have been made to keep all patient related data in 1nd1v1dually
labeled charts in a locked ﬁhng cabmet Per Loma Linda Unlver51ty IRB protocol the
data will be saved for three years at the Kids FARE labora_tory’followmg the completion ;
of the study. Computeriaed databases were de-identiﬁed and stored ina passyyord
protected file.

Data were entered’into an SPSS database. Data analysis was done'using SPSS
10.0 and Minitab 14 .'(for groupcompariSOns uslng suthmary 'statistics-only). Prior to
analyses, databases were screened for miss‘ing data and entry error ’and all other

discrepancies were identified and corrected.
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Instruments
Injury ‘Séverity |

The Glasgow Coma Scale (GCS) (Teasdale & Jennett, 1974) administered at the
time of injﬁry was used as a measure of injury sevety’.ity._"ThevGCS is a quick scoring
system rrne'asu_rirng sevéfity follo‘wing a brain injury with impairment in consciousness. |
The scale has Been ﬁsed iﬁ several studies with TBI patient$ as a reliable measure of
injury severity and as considered to be a fairly reliable predictor of neuropsychological
and cognitive outcome post injury '(EWing-Cobbs etal., 1997; Fay et al.‘,> 1994; Jaffe et
al., 1992; Massagli et al., 1996; Roman et al., 1998; Wallesch, Curio, Galazky et al.,
2001; Wallesch, Curio, Kutz et al., 2001). The GCS ranges from 3-15 and is composedv
of three separate scales measuring motor ability,‘ verbal responses, and eye opening
(Rosman, 1999). Based on the total score yielded from th¢ sum of the three scales, brain
injury severity has been categorized into three types: severe TBI referring to a GCS of <
8; moderate TBI referririg to-a GCS of 9-12; and mild TBI referring to a GCS of 13-15.

Neuroimaging Evaluations

Upon medical stabilization following TBI, participants were imaged by an MR
scanner, using a circularly polarized head coil in a conventional 1.5T whole body
imaging systefn (Magnetom Vision; Siemens Medical Solutions, Iselin, New Jersey).
Magnétic Re&_onance Speétroscopy (MRS)

Proton MRS (IH-MRS) was used as a non-invasive méasure of various brain
metabolites following,inj’ury‘. Upbri medical stabilization following TBI, participants
were imaged using a'éircularly polarized‘head coil in a conventional 1.5T whole body

MR scannéf‘(Mégneme Visidﬁ, Siémens Medical Solutions, Iselin, New Jersey). MRI
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- sequences included sagittal T1 weighted scans (TR/TE=SOO/ 14 msec, 5 mm thick, 20%
gap),-axial and coronal fast T2 weighted scans (TR/TE = 3500/90 msec, 5 mm thick, 40%
gap), and axial 2D gradient echo susceptibility weighted scans’(TR/TE =500/25 msec,
flip angle = 20°, 4 mm thick). |

Single voxel spéétra.

Two sirlgle voxel protorl spectra were acquired with 8 cc? Volumes in normal-
appearing brain; one 1n t_heoccipital ‘gravylmatter (OGM) located in a paramedian position
- across the interhemispheric fissure and a second in the parieto-occipital white matter

(PWM) placed in the right or left hemisplrere_ to avoid obvious areas of injury. A water-
suppressed stimulated echo acqulsition mode (STEAM) sequence ,Was used with
TR/TE/TM = 3000/20/ 13 msec and 128 NEX, following manual localized shimming to. ‘
achieve water li‘ne_w’idthsl less thanv8‘ Hz. A reference spectrurrl was acquired with |
identical acquisition parameters and 8 acquisitio'ns'to use for' eddy"current correction.
Metabolite levels for NAA, Cre, Cho, ml, and Glx for each patient was quantitatively
measured using a Linear Combination Model of in-vitro spectra (LCModel) an
automatic (user 1ndependent) frequency-domaln ﬁttmg routme (Provencher 1993)
' Metabohte ratios, NAA/Cre NAA/Cho and Cho/Cre were also calculated

Multz voxel spectra or. MRSI

In add1tlon 2D MRSI (mult1-voxel MR Shift Imagmg) was acqu1red using a
water-suppressed po1nt resolved spectroscopy sequence (PRES S) with TR/TE—3000/ 144
msec. The multl-voxel acqu1smon was acqulred w1th a 10-mm thick axial slab through
the level of the corpus callosum whlch covered portlons of the frontal wh1te and gray

~ matter, and _par_1eto-oc01p1ta1 wh1te and gray matter (2-3 cc/voxel) and included visibly
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‘injured and normal appearing brain. MRSI spectra were post-processed to include zero- S
filling to 32k, 1-Hz exponentlal multiplication Fourler transformation zero-order phase
correction, and basehne corre,ction (L-,uisje, ‘:NumMLS VB33D Siemens Med1cal Solutions)
to obtain peak areas for NAA Cre, Cho and Lac if present Peak areas were transferred =
| to an automatic processing program to calculate metabohte ratios and transfer those
values to astat1st1cal spreadsheet for further analysis.- Each spectrurn was visually
~inspected »by a medical'physici‘st (BAH) for éd:équate- spectral qualit}r and metabolite
ratios from accepted voxels (up to 64) within'a slab were 'averaged to obtain a pooled
mean metabolite ratio (or total) for each patient. For comparison, mean total ratios were
obtained for ﬁve different regions as follows: frontal white matter, frontal gray matter,
corpus callosum, parieto-occipital white matter, and parieto-occipital 'gray matter.
Susceptibility Weighte_d Iniaging .

As previously described (Tong et al., 2004), susceptibility weighted images
consistedb of astrongly susceptibility-weighted, low-handwi_dth (78 Hz/pixel) three-
dimensional fast low angle shot (3D-FLASH) sequencey(TR/TE: = 57/40 milliseconds,
flip angle = 20 degrees) with first-order flow compensation in three orthogonal
directions. Using a rectangular ﬁeld-of-view (5/8 ‘of 256 mm)' and a matrix of 160 x 512,
64 partitions of 2 mm eachzwere‘ acquired, re“sulting in a voxel size of 1 x 0.5 x 2 mm.
The 64 partitions were collapsed, resulting in 32 slices with effective thickness of 4 mm.
Susceptibility welghted 1mag1ng included most of the cerebral areas and the posterlor v
fossa with an acquisition time of 9 5 m1nutes

Susceptibility weighted i images were rev1ewed on a clinical workstation (DS3000

Impax, Agfa Inc.) to determine study quality and then downloaded for off-line analysis of
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“hemorrhagic lesions. Bééanse lesions were Variabie in shape, a computer software
- program (Image Pro Plus, Media -Cyberne'ti-cs Inc.) was used to 'semi-antonlatically trace -
the ovutline‘»of iesio.ns using'selected minimum intensity th‘feshOld le;{{els refined by the
‘user.. After pre‘-‘d\eﬁned nbserver-depencient adjustrnents, the pfogramb automatically
counted and calculated the pixei area of lesions in each image. 'Aftef correcting for pixel
size, the area of each lesion was multiplied by the effective slic¢ fhickness to determine
the volume of aach lesinn. Lesionsb for ea,ch image were cnunted and summed. The
volumes of cach lesion wére also ,summ‘ed. These summed values provided a global
nnmbér and volume load of nenlorrhagic diffuse aXonal' injury lesions for each patient.
In addition, ‘MR'images“\;v.‘efe nséd to locate shearing lasions (ie., diffuse axonal injury);
subsequently, rcgionalls}lsccptivbil‘ity waighted imag_ing data was collect’ed fnr frontal gray |
(FGM) and whlte O:WM) matter, pafietoj-témpd}(‘\')rnacipital gray (PTOG)v and white
(PTOW) mattér; cnfpua pallbéurn (C‘C), basal ganglia (BG), thalamus (TH), brainstem
(BS), and cerebellnm (CB}). o e | |
| Neuropsycho(ogical Measures

‘Tne nani“opSYChological vméasburés uacd bin this study assessad nine areas of
ﬁmctioning; namely, inteiligenne, rnemory (verbal and nonverbal), attention/information
processing speed; problem solving/executive skills, visualjpercaptual abilities, language
skills, academic achjevement, motor skills; and behavioral/psychiatric functioning (Table
1). Brief desériptions for-th‘e: specific measure(s) for each domain aré provided below.
Intelligence | | B

Intelligence was assessed by tne age appropriate Wechslgr Scales and their

subsequent derived indices. Participants be,t_\?veenthe ages of 16 and 22 were

e
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administered the Wechsler Adult Intelligence Scale — Third Edition (WAIS-I)
(Wechsler, 1997). The WAIS-III was normed:ﬂon a sampleof 16 to 90 year olds (based
on current US census data).»: -It;i__si:compOS’ed*of 11 subtests and takes between 60 to 90

minutes to adm-inister -

Partlclpants between the ages of 6 and 15 years and 11 months Were adm1n1stered‘ o
the Wechsler Intelhgence Scale for Chrldren Fourth Edltlon (WISC IV) (Wechsler |
2003) This i is a recently pubhshed fourth generatlon mstrument assessmg various
aspects. of 1ntelhgence cognltlve ab111ty, and 1nformatron processlng rn chrldren Like the '
WAIS-III, the WISC IV takes between 60 and 90 mmutes to admlnlster The WISC vV .
was normed on a representatrve sample (based on current US census data) of 1nd1v1duals 3
between the ages of 6 and 16. = -

Finally, participants between the ages of 3 and 6‘;&@& administered the Wechslerf
Preschool and Primary Scale of Intel'ligence - Third Edltron ‘(‘-.Wl;P"SI-III) .(Wechsler,
2000). This measure was normed on asampI'e of partrcinants,(based_‘On:USfcensus data) -
between the ages of 2 ye‘ars and‘6x months and 7 Years and 3months ‘,The admjnistration
of the WPPSI III takes between 45 to 60 mmutes o L | |

All three of the above measures of intelligence yreld a Full Scale Intelhgence
Quotient (FSIQ) and a Processmg Speed Index (PSI) The WAIS III and WPPSI Il also
include a Verbal Intelhgence Quotlent (VIQ) and a Performance (nonverbal) Intelhgencef
_Quotlent (PIQ) which are composed of scales 1ncluded in the FSIQ The WISC IV and
WAIS-III include a Verbal Comprehens1on Index (V CI) and Worklng Memory Index 'f, f .‘1 e
(WMI) The WAIS-III mcludes a Perceptual Organrzatlon Index (P()I) and the WISC- IV

includes a Perceptual Reasonmg Index (PRI) All mdrces are based ona mean 10f 100 and s
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_a standard deviation v‘of 151Q t:eints. The indi\tidual subtests,‘ which comprise the indices
described above, haVe a mean of 10 and a standard deviation of 3 scaled points.
Verbdl Memory |

Verbal learning and memOry was evaluated by e‘ne of two versions of the
Cahforma Verbal Leamlng Test. Part1c1pants between the ages 16 years and 22 years
were admlmstered the California Verbal Leamlng Test — Second Edition (CVLT-II)
(Delis, Kramer, Kaplan, & Ober, 2000). The test requires examinees to leam a series of
words across multiple trials and has both immediate and de'layed free rec_all trials as well -
as a recognition trial. The CVLT-II provides several scores representing participants’
performance, including indicators of not only general memery ability but also encoding
strategies, types of errors made learning rates, and other processmg data. This testis -
appropriately normed for 1nd1v1duals between 16 and 89 years of age and takes
approximately 30 minutes to administer (in addition to anapprOXimate 30 minute delay
intervalv during which other tests can be administered). o
The California Verbal Learning Test — Children’s Version (CVLT-C) (Delis,

‘Kramer, Kaplan, & Ober, 1994) is normed for individuals between the ages of 5 years
and 16 years and 11 months and was administered to partieipants between 5 and 15 years
of age. The CVLT-C prqvides data on a child’s Iaerformance on a word rrtemory task
(recall and recognition tri'als),vtheir learning strategy, type of errors made, learning rates,
and other processing data. The administration time for this test is between 15 and 20
minutes (in addition to a 20 m:ir‘;ute __d‘e‘lay interValddring ,whieh time other tests can be -

administered).



| In order to create a srngle combmed 1ndexvof Verbal memory ab1l1t1es for analyses, _'
standardized scores (based on z transformatrons) were averaged for 1) List A Total Tr1als ‘
. | 1-5 Scaled Score and 2) the Lrst A Long-Delay Free Recall Scaled Sco‘re_; The CVLT-C
was not normed for childrenun'der the age of five years and thus was not administered to -
children 'less than five. : Thes‘e twovscores were signrﬁcantly' correlated and .loaded on the “.' -
: sarne factor ln a factor analysis. }R_'eliability analyses 1ndlcated high inter;ltem |
correlations (alpha = .91),supporting their.comblinatio_n into a single index. ;
Nonyerbal Mem,ory : | -

Nonverbal (visual) memory was assessed by the Rey Complex Figure Test
(RCFT) and Recogmtlon Tr1al (Meyers & Meyers, 1995) This test requlres the
respondent to ﬁrst copy a complex ﬁgure design, after wh1ch the respondent is asked to
reproduce the drawing from memory in an 1mmed1ate and delayed recall tr1a1 Followmg “
the free recall trrals the respondent is asked toﬂchoose among a group of smaller figures, |
which they 1dent1fy to be part of the orlgmal complex ﬁgure In add1t1on to prov1d1ng a
measure of V1sual memory, this test reﬂects onan 1nd1v1dual’s planmng and
organlzat1onal skrlls as well as perceptual and motor functrons (Spreen & Strauss 1998).
The test was normed f_or 1nd1v1duals between the ages of 6 a;nd»89 (N=60l for the 18-89
age range; N=505 for the’6-lv7 age range) (Meyers & Meyers, 1995) and takes
approximately 10-15 minutes to administer. o

In order to create a s1ngle comblned 1ndex of nonverbal memory ab111t1es for
'analyses standard1zed scores (based on z transformatlons) were averaged for 1) RCFT
Immedlate Recall and. 2) RCFT Delayed Recall scores The RCFT was not normed for

ch11dren under the age of six years and thus was not admrmstered to children less than
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_ .siir. These two scores were significantly correlated and loaded on the samefactor ina
factor analysis. Reliability analyses indicatedhigh inter-item correlatio'ns (alpha = .97),
supporting their combrnat1on into a single index. |
Attention and Informatzon Processzng Spemed |

Basic attentional abilities were estimated by the Digit Span subtest of the age
appropriate Wechsler Scales of Intelligence (described previously) (WISC-IV and WAIS-
III only). The D1g1t Span subtest 1ncludes 1ncreasrngly longer strlngs of numbers, which
respondents are asked to repeat back 1mmed1ately after presentation. The subtest yields
an overall standard score (based on age appropriate norms) and is based o_n a mean of 10 |
and a standard deviation of 3 scaled points (Wechsler, »199‘7, 2003).

Divided attention vvas estimated‘bv the’ Letter-Nurnber Sequencing subtest of the v
age appropriate Wechsler Scales of Intelligence (described previously)’ (WISC-IV and
WAIS-III only). The Letter-Number Sequencing subtest includes increasingly longer
strings of numbers and letters, which respondents are asked toreorgani‘ze (based on
increasing order).and repeat back immediately after ,presentation. lhe subtest yields an
overall standard score (based on age appropriate noi‘ms) and is based on a rnea'n of 10 and
a standard devration of 3 scaled pomts (Wechsler, 1997, 2003).

Informatlon Processing Speed was estimated by the D1g1t Symbol Codrng and
Symbol Search subtests of the age appropriate Wechsler Scales of Intelligence (descrlbed ;
previously) (WPPSI-III, WlSC-IV, and WAIS-II). | On the Digit Symbol Coding subtest,
respondents are asked to fill in empty squares vvith the corresponding symbol based on a
symbol key provided at the top of the page. On the Symbdl‘-‘Search subtest, respondents -

are asked to scan two groups of symbols and indicate whether the target symbol is in the
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second set of symbols (Spreen & Strauss, 1998). Th_eir performance (accuracy and time)
is used to calc-ulate a standard score, with a mean of 10 and a standard deviation of 3 |
scaled points (Wechsler 1991, 1997, 2000, 2003)'. | |
In addltron Tralls A, from the Trail Maklng Test (TMT), was admmlstered asa

‘measure of attention and processmg speed The TMT was orlgmally constructed in 1938 '
as part of the Army Indrv1dual Test Battery and was later 1nclude‘d in -the Halstead
Neuropsycholog1cal Battery (Spreen & Strauss 1998). Tralls A of the TMT is composed _‘
of a series of crrcles w1th consecut1ve numbers on a page. Respondents are asked to
connect crrc‘les=w1th sequent1al numbers" asfast‘ as they can. In-the standard version,
part1c1pants ages 15 and above are: asked to connect 25 c1rcles 1n sequentlal order
| Part1c1pants between 6 and 14 years of age -are admmlstered the 1ntermed1ate version of
the test and are asked to connect 15 c1rcles in sequentlal order (Spreen & Strauss 1998).
Age approprlate norms (means and standard dev1at1ons) publlshed in Spreen and Strauss
(1998) (Table 12 14 for Standard and Table 12-16 for Intermedlate ver51ons) were used
to calculate z scores.‘ b R |

”In order to create,a single combined index of' attentlon and processing:abilities for |
' analyses standard1zed scores (based onz transformatlons) were averaged for the 1) D1g1t .
Span, 2) Letter-Number Sequencrng, 3) Symbol Search and 4) Codlng subtests of the
' vWechsler Scales of Intelllgence and the 5) Tralls A test The Digit Span and Letter- |
Number Sequencmg subtests as well as the Tralls A test were not normed for children
under 6 years of age and thus were not adm‘l‘nlstered to thls age group. Inv.ﬂthrs case, the -
average of the other two tests admmistered was used to ”computerthis index. These scores

were significantly correlated and loaded on the same factor in a factor analysis.



51
‘ R:eliability' analyses indicated high inter-ltem ‘correlatlons (alpha = .4'8:»9),' supporting their a
comblnatlon 1nto a smgle 1ndex | | BRI
_Problem Solvmg and Executzve Skzlls »

| Also part of the TMT Tralls B Was used as a measure of executlve SklllS On thls‘
_measure, respondents are. asked to connect a series of numbers and letters in sequentral
and alternate (letter-number)horder ' As such Tralls Bi is approprlately con31dered a
measure of mental ﬂex1b111ty (Spreen & Strauss 1998) L1ke Tralls A two forms of the
test are available: 1) the standard form w1th 25 encucled numbers and letters used with
individuals 15 years. of age and older and 2) the 1ntermed1ate form w1th 15 enc1rcled
numbers and letters used w1th md1v1duals between the ages of 6 and 14 Age approprlate
norms (means and standard devratlons) pubhshed in Spreen and Strauss (1998) (Table
12-14 for Standard and Table 12-16 for Intermedlate VCI’SlOIIS)‘ were used to calculate z
-scores. The admmlstratlon t1me for both Trarls Tests together is between 5 and 10
_ mmutes (Spreen & Strauss 1998) | R

Problem solv1ng skrlls were also measured by the Tower ot" London Drexel

.(TOLDX) (Culbertson & lemer 2000) test. This measure is des1gned for children 7
years and older and involves assessment of both the tlme and accuracy of completrng
individual 1terns. Re’spondent_s are asked to move theﬂ stlmulus pe_gs -one at a tlme ina
recommended number of maxirnum moves to match the‘_ eiraminerls design.-
Administration -takes betWeen 10-15 minutes Perforrnance‘on similar Tower tests have
been associated VVlth frontal lobe functlon (Levrnet al 1994) overall executlve
ﬁJnct1on1ng (Culbertson & Zrllmer 1998a) and sens1t1ve and spec1ﬁc to ADHD

(Culbertson & lelmer l998b)
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“In order to create a single combined'. index of problem solVing‘ and executive skills
for analyses; standardized sc'or'es (bas'ed onz transformations) were averaged for the |
TOLDX 1) Total Rule Violation ‘2) Total Correct 3) Total Move 4) Total Initiation
-Time, and 5) Total Problem Solvmg Time Standard Scores as well as the 6) Tralls B test
Because the TOLDX and the Tralls B were not normed for chlldren under seven years
and six years of age, respectlvely,‘ they were not adm1n1stered to th1s age group. These
scores weresigniﬁcantly correlated and loaded on the‘ sameffactor in a factor‘ analysis.
Reliability analyses indicated high inter-item correlatlons (alpha = 82), supportmg their
combmatlon into a smgle 1ndex |
Visual-Per’ceptual Abilities .

_Vi‘sual-perceptual abllities: were measured by the :]:310ck Design and Picture
Completion subtests of the age 'appropriate Wechsler Intelligence Scales (described
prev1ously) The Block De51gn subtest mcludes 1ncreasmgly more complex models
drsplayed either by the exammer orina plcture wh1ch the respondent is then askedto
rephcate usmg red and wh1te blocks For the Picture Completlon subtest, respondents are
asked to 1dent1fy an 1mportant mlssmg part for stlmulus plctures (Spreen & Strauss,
1998) The subtests y1eld an overall standard score (based on age approprlate norms)
with a mean of 10 and a standard dev1at10n of 3 scaled pomts In addltlon, the Rey
- Complex Flgure Test O{CFT) copy tr1a1 ‘was used as .a‘measure of Vlsual-perceptual
abilities (see tests of memory sectlon above)

In order to create a smgle combined 1ndex of V1sual perceptual ab111t1es for
analyses, standardlzed scores (based onz transformatlons) were averaged for the 1)

Block De51gn and 2) Plcture Completlon subtests of the Wechsler Scales of Intelhgence
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and 3) RCFT copy trial. The RCF”l“ is normed for individuals ages 6 year‘sv and older and
thus was not administered to children younger than 6 years. In,this case, the average of
the other two tests administered was used to compute this index. These scores were
significantly correlatedand loaded on the same factor in a factor analysis. Reliability
analyses indicated high inter-item correlations (alpha =.79), supporting their combination
into a single index. | '
Language Performance

- A brief screening of language ability was conducted‘ by the Vocabulary and
Similarities subtest of the age appropriate W.eohsler Intelligence Scales (des_cribed
previously). The VocabularySubtest presents respondents with increasingly difficult
- vocabulary words which'they are asked to define. The Sirnilarities vsubte'st' measures a
respondent’s ability to demonstrate verbal abstraction skillsby eXplaining hoyv two giyen‘
words are alike The subtests yield an age,based standardscore With amean of 10 and a
standard dev1ation of 3 scaled pomts In add1t1on the Readlng subtest of the WIAT 1I-A,
described below) was used as a measure of language functronrng and tests a respondent s
word r_eadlng ab111ty. |

In order to create a single combined index of language abilities for analyses,

~ standardized scores (based onz transformatlons) were averaged for the 1) Vocabulary
and 2) Simllarltles subtests of the Wechsler Scales of Intelhgence and 3) WIAT II-A
Reading subtest The WIAT-II A is normed for 1nd1v1dual 6 years and older and thus
was not admlnlstered to children less than 6 years of age. In this case, the average of the
other twotests adrnlnr_stere_d yyas used to‘,‘cornpute_ this index. These scores were

signiﬁcantly -co_rrel‘ate.d and loaded-on the same’ factOr in a factor analysis. Reliability
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analyses indicated high inter—ifcefrx corrélétions (alpha - .84), supporting their éombinatibﬁ _
into a single index. | |
Motor Skillsb .

The Pﬁrdué’ Pelg‘boar_d» \;yas use}d as ame_,a‘s‘ure ,(vo{f Ihotor skills, specifically with
regard to ﬁngef and hand dexterity. The Purdue Pégboai‘d coﬁsists ofa boérd ‘with two
parallel columns of 25 holes each. Respondé;fs are asked to place pegs into the holes
one at a time using their domiﬁant hand only, npndominant hand only and both hands
simultaneously«‘wit-hih 30 second trials 'e”a"ch.%'Thié inS‘;rument is normed for individuals
five years and older and takes approximately five minutes to administer. Age and gender
appropriate norms (means and standard deviations), published in Spreen and Strauss
(1998) (Table 14-15 for ages 5 to 15 years ahd 14-7 for ages 15 and up), were used to
calculate z scores.

In order to create a single combined index of motor skills for analyses,
standardized scores (based on z transformations) were averaged for the 1) dominant hand,
2) nondominant hand, and 3) simultaneous bbth‘hand trials. These scores were
significantly correlated ;cmd loadéd on the sa'me‘ factor in a factor analysis. Reliability
analyses indicated high inter-item correlations (alpha = .89), supporting their combination
into a single index.

Academic Skills

Academic achievement was measured by the Wechsler Individual Aéhievement
Test — Edition Two — Abbreviated (WIAT-II-A) (Wechsler, 2001). This abbreviated
instrument is a widely used vmeasure of the folloWing three academic areas: spelling,

reading, and numerical operations. It is normed for a wide range of respondents,
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including frem kinde_rgarteners to adults, and has high test-retest reliability and validity.
| The WIAT-II-A can be administered in approximately 10 to 20 minutes.

In order to create a single combined index of academic abilities for analyses,
standardized scores (based on z transformations) were averaged for the 1) Reading, 2)
Spelling, and 3) Mathematics subtests of the WIAT-II-A. This instrument is normed for
individuals six years and older and thus was not administered to children less than six
yeat’s of'age. These scores were signiﬁcantly correlated and loaded on the seme factor in
a factor 'analysts. Reliability analyses indicated high inter-item correlations (alpha = .94),
supporting their combinatien into a single index.

, Cohtbz_’nediNeuropSychological Index (NPI)
In order to ereate é?n‘overall‘ 'neurc‘)pbsychological functioning index, the above

indices Were averatgedfor each participant. The indices _inciuded all areas of cognitive
- functioning essessed except- for intevllectu'al fuhctiohing, including memory (verbal and
| rionverhal),»attentien/information processing speed, problem solving/executiVe skills,
visual-perception, language, motor skills, and academic achievement. In the few
instances where patients ‘(i.e.,‘ylounger patients for whom appropriate norms were not
aVailable) were hot adbministered‘ allbc‘)f the tests for a given index, their everage for all
administered indices was used to represent‘their combined neuropsychological index. All
of the individual index scores were significantly correlated and loaded on the same factor
in a factor analysis. Reliability analyses indieated high inter-item correlations (alpha =

.92), supporting their combination into a single index.
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‘Behavioral/’Psychiatric Functioning

The BehaVior Assessment System for Childféri (BASC) was used to assess
possible behavior and/et‘ psyChiatric concerns (Réyndidé & Kamphaus, 1992). This
paper and pencil set‘o,f scales'ttrevtdes a multimetho'd and multidimensi,onal evaluation of
behaviorall and‘emotionaI fuﬁetioning.v Althoagh self,_parent, and teacher forms are
available, only the::fbtmer‘ tWQ wereusedlnthls study, 'rtamely the Self-Report of
Personality (SRP) ahd the Parent Rating Scale (PRS) Versiov"hs.‘ . The scales are normed for
individuals between 2'years and '6‘months‘ to 1j8- years:and 1 1 months of age and provide
both positive (adaptiVe seales) and negative (_clinicaiscales) dimensions of personality
and behavior. Norms -avre based on-T-seores and percenbtiles.andﬁcan be‘based on general,
gender-specific, or clinical pot)ulations (Re‘ynolld‘s & Kampltaus, 1992)

The SRP has two forms: eﬁild (ages 8to 11) ‘and adolescent (ages 12-18). The
clinical scales on the SRP include Anxiety, Atypicaiity, Locus of Control, Social Stress,
Somatization, Attitude to S_cheol, Attitude to Teachers,' Sensatien Seeking, Depression,
and Sense of Inadequacy. In additioh, adaptive scales iriclutie Relations with Parents,
Interpersonal Relations, ‘SeIf‘-Esteem, and Self-Reliance. These scales are combined to
provide the followmg comp051te scores: Chmcal Maladjastment School Maladjustment,
Personal Adjustment and Emotional Symptoms Index. The SRP takes approx1mately 30
minutes to complete (Reynolds & Kamphaus 1992)

The PRS has three forms preschool (ages 2‘/2 to 5); Chlld (ages 6 to ll) and
adolescent (ages 12 to 18). The clinical scales on the PRS include Aggresslon,

" Hyperactivity, Conduct Problems, Anxiety; }De‘pres_sion, SomatiZation, Atterttio’rt

Problems, Learning Problems, 'Atypicalityﬂ, and Withdrawal. In addition, adaptive scales -
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iﬁé-lude Adaptability, Léadefghip,_ Social Skills, as well}_as‘ Study Skills. These4 scales are
combinéd to provide the» fblldwihg composité scérés: Extefnélizing Pfoblems,'
Internalizing Problemé, Schooi Pfoblems’,kAdapt‘iV‘e Skills; and an overall Behavioral
Symptoms Index. The'PRS takes approximately iO t'ov'20 ”mvinutes to coinplete (Reynolds

& Kamphaus, 1992). -



| Table 1 -

Tests of Neuropsychological F: unctiqning by Domain Area

Domain
- Intelligence

Memdry |
Verbal

Nonverbal

Attention/Processing Speed

Problem Solving/Executive skills

Visual-Perceptual Abilities
Language

Motor Skill

/Academic Achievement

Behavioral/Psychiatric Functioning
L - BASCPRS (Parent-Report)

Measure

WAIS-III (16 and up)
WISC-IV (6-15)
WPPSI-III (3-5) -

CVLT-Il (16 and up) .
CVLT-C (5-15) :

RCFT

Digit Span -
Digit Symbol Coding
Letter-Number Sequencing
Symbol Search

Trails A

Trails B
Tower of London

Block Design

Picture Completion
RCFT Copy Trial

v' Vocabulary

Similarities

~ Reading

Purdue Pegboard
WIAT-II-A

BASC SRP (Self-Report)

" Approximate Total Time

Admin Time

60-90 minutes
60-90 minutes
45-60 minutes

30 minutes

- 15-20 minutes
~ 10-15 minutes

~ from Wechsler Scales

from Wechsler Scales
from Wechsler Scales
from Wechsler Scales
5 minutes

5 minutes
10-15 minutes

from Wéchsler Scales
from Wechsler Scales
from RCFT

- from Wechsler Scales

from Wechsler Scales
from WIAT-II-A

- 5 minutes

10-20 minutes

30 minutes
30 minutes

2.5-3.5 hours




RESULTS
Partlclpants
“ Forty patlents Were ehérble for partlcrpatlon Fourteen patrents were unreachable ,

due to disconnected or 1ncorrect phone numbers.- Three patlents refused to part1c1pate
due to scheduhng problems and three patlents exnressed 1nterest but farled to follow-up
with scheduled appomtments Twenty patlents therefore agreed and participated in the
study (n= 20). There were no srgmﬁcant dlfferences in any of the demographic, clinical,
or primary 1mag1ng variables w1th the except1on that the study part1c1pants had hlgher |
mean choline levels Furthermore based on previous reports on the magnrtude of
assocratron between cognitive and neuropsycholog1ca1 outcOme and MRS metabolite
ratios (rep0rt magnitude), 80% powerlwas approximated using an alpha of .05.

All participants had’ aceidental TBIs; seventeen inyolved motor Vehicvle accidents,
two involved pedestrian/aut'o coHisions, and one inyolved a motorcycle accident. Sixty-
five percent of the partrcrpants were male. At the time of injury, partieipants’ average
age was 11.2 years (5.9 SD). Neuropsycholog’icanl assessmentsl \yere» adminiStered
between November 2003 and May 2004.. At the time of assessment, _partieinants were on
average 2.1 years'post injury (0.7 SD)'. “Average age at assessment was 13.3 years (5.8 .
SD). | | |

Clinical Variables

Several clinical variableswere reco'rded for the"natients at or around the time of
injury. These included initial GCS, mean arterial blood pre_ssure, heart rate,; sodium and
giucose levels, hematocrit (%), initial pH, presence of nonreactive pupils, occurrence of -

cardiac arrest or seizures, and abnormalities in EEG readings or intracranial pressure. In
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addition, days from injury to imaging studies, as well as total days in coma, on ventilator,
and in the hospital were reéorded. Table 2 displays 'Summary data for patient
demographic and clinical variables.

Table 2

Summary. of Patient Demographic and Clinical Variables

Summary Statistic

v Mean (SD) and Range
Demographic Variables
Gender 65% Male 35% Female -
Age at Injury (years) ; 112 (59 1.1-18.4
Time Since Injury (years) 2.1 0.7 1.0-4.1
Age at Assessment (years) v 133  (5.8) 4.2-21.6
Clinical Variables
GCS? EE ' e 6.0 3.7 3-15
- MAP . _ . 103.0 (27.2) 54-160
Heart Rate ‘ 1222 (33.3)  60-172
Initial pH - ‘ ‘ o 74 (0.1) 7.0-76
Glucose (mg/dL) 1706 (55.5) 82.0-279.0
Sodium (mg/dL) . TN 138.7 4.7) 27.0-148.0
Hematocrit (%) 341  (6.3) 24.5-48.0
Days in Coma® : L 6.6 (85 0-31
Days on Ventilator® L 8.7 79 0-27
Days in Hospital® ' o 328 (275 4-93
Days to MRI/MRS* 6.3 (39 1-16
Days Unc. before MRI/MRS** S 40 (44 0-14
Cardiac Arrest 0%
Fixed Dilated Pupils 15%
Increased Intracranial Pressure 18%
Seizures : 10%
EEG" ' |
Normal 7%
- Mild Abnormal : 13%
Moderate Abnormal 27%

Severe Abnormal - 53%

"‘Negatlvely correlated with Full Scale IQ and Neuropsychological Index at p <.05 (Pearson coefficient).
Negatwely correlated with Full Scale IQ and Neuropsychological Index at p < .05 (Spearman coefficient).

Days unconscious before MRI/MRS.
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E 'Results of Cognitive Measurés
| | , Intélligence
Two patients were adihiniStered the WPPSI-III, eight the WISC-IV, and eight the
WAIS-III as appropriate base.d.b'r:iatﬁéif age An additional two patients could not
complete the test becagse of sevérg functional di.'s‘avbi’lity and thus were assigned basal
scores. Table 3adlsplays the medians, means, ‘s‘t"ahda‘rd“dev'ia‘ltions, and ranges for
relevant composifes; | |
Table 3a

Summary Statistics for Measures of Intelligence

N Médian ~ Mean (SD)  Range

Full Scale IQ* ' 20 0 745 73.2.(17.7) 40-100
Verbal IQ 10 825 795(10.1) 6493
Performance IQ ny . 10 - .85.0 86.0 (19.5) 55-110
Processing Speed Index - - 20 - 845 78.5(17.7) 50-106
Verbal Comprehension Index = 18 79.5 75.1 (14.9) 45-96
Working Memory Index 18 ~75.0 75.0 (15.7) 50-107
Perceptual Reasoning Index 10 785 - 75.3(20.5) 45-98

Perceptual Organization Index 8 101.0 95.0(17.2) 70-116

# Norms basedron amean standard scbrebf 100 and a standard deviation of 15.
: - .Verbal and Nonverbal Memorj/ |

Eight pétients were adrﬁi"nistered the CLVT-C énd seven the CVLT-II. Two additional
patients could not co‘mplete-t‘he- test because of Seve;e fﬁnctional disability and were assigned
basal scores. One patignt was not é.dmiriistefed e“i;the‘r verbal merriory testbdue to lack of nofms
for his age grOUp and'one“patiént did v,no‘t'c'émplete‘. the neurops}ychbollogical battery and hadb‘ -
missing data. With regard to ﬁtherbal mémory? 15 patiént's ‘were administeréd the RCFT. Two .
additional patients coul\d‘ﬁnot rco;_ﬁpie"te t‘h,e't‘estidue to severe fuﬁétional disability and weré

- assigned basal scores. Two patients were not adiﬁini'stered the RCFT due to lack of norms for -
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their ag.e group and one patient had missing data. Table 3b displays the medians, means,
standard deviations, and ranges for relevant summary statistics.
Table 3b

Summary Statistics for Measures of Verbal and Nonverbal Memory

v ' N Median Mean (SD)  Range
CVLT-C/CVLT-II " ' o
Total Trials 1-5 T Score® - 18 32.5 - 33.7 (13.1) 20.0-62.0
List A Short-Delay Free Recall® 18 -1.5 - -1.6(1.2) -4.5-0.5
List A Long-Delay Free Recall 18 -1.5 -1.8(1.5) - -4.5-0.5
Correct Recognition Hits- 18 -0.8 -1.3(1.9)  -5.0-05
RCFT
Immediate Recall TScore® 17 25 30.7(13.5)  20-57
Delayed Recall T Score 17 - 30 -31.9(13.3) 20-61
Recognition T Score ’ 17 44 378(162)  18-69

2T Scores are based on a :rnean: of 50 and a standard deviation of 10. '
b z scores are based on a mean of 0 and a standard deviationof 1. =

- Attentioh and Processing Speed.

Eighteen patieiitsl were administered the Symbol Search and Coding subtests of
the Wechsler Scales ef Intelligence_.‘ Two patients could an complete the test because of
- severe functional disability and were assigned basal scores. Further, 16 patients were

administered the Dig‘ii Span and Letter-Number Sequencing subtests of the Wechsler
Scales of Intelligeneei TWo_rpatient_s'couldﬂnot'c.omple‘te the test because of eevere
functional disability and thus were assigned basal scores and another two were not
administered these subtests because they were not available on tiieir age appropriate
Wechsler measure. F inally,_ 15 patients were admi‘nistered Traile A of the Trail.Making
Test. An additional two patiénts ‘co’uld. not complete the test because of severe functional

disability and thus were assigned scores one standard deviation below the lowest z score
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attained by any given study participant. Two patients ‘Were not atlulinisterecl »’tlﬁs measure.
due to lack of norms for their age 'grOUﬁ aud'cﬁe patieut had mlssmg dat‘ai» Table 3c
displays the medians, means, standard ‘deviatichs, and r_ariges fo.r‘_ releuant .summary
statistics. | s | | |

Table 3¢

Summary Statistics for Measures of Attentzon and Processmg Speed

N' - Medla'nf Mean (SD) .Range

Symbol Search® 20 70 6034 . 110
Coding | 20 75 6334 112
Digit Span ’ 1860 . 59(33) 112
Letter-Number Sequencmg 18 55 0 559 111

TMT, TrallsA 17 09 -1827) -7.0-11

? Scaled Scores based on a mean of 10 and a standard deviation of 3. -~
b z scores are based on a-mean of 0 and a standard deviation.of 1.

' Problem Solvzng and Executlve Abzltﬁes

Thlrteen patlents were admlmstered the TOLDX Two patlents could not
complete the test because of severe functlonal dlsablhty and thus were ass1gned basal
scores. Four patients were not admlnlstered the measure due to lack of norms for their -
age group and one patient d1d not finish testing. The Tralls B was also adm1mstered to 15‘
patlents two addltlonal patlents could not complete the test because of severe functional
disability and were assl‘gned ‘scores one standard’ dev1at10n lower than th_e_lcwest score
attained by any givenstudyfparticipant. t"‘l",wouatients tttere .,r_19t ;?aduliniStefed this measufe
due to lack of norms for their gge group and one patient had mlssmg data. Table 3d
displatys the med__ivans,""frvleéns;"stgr—l_daijd deviaticns,;and rang_es for reievaut su,mruary

statistics. -
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Table 3d

Summary Statistics for Measures of Problem Solving/Executive Abilities

‘N Median Mean (SD)  Range
TOLDX* - S '
Total Move ‘ 15 82 824177 60-116
- Total Correct - L 15 88 85.3(11.4)  60-100
Total Rule Violation 15 84 835(21.3)  60-106
Total Time Violation -~ -~ -~ 15 94 - 86.0(21.6) 60-108
Total Initiation Time ‘ 15 - 92 92.3 (6.1) 80-102
Total Execution Time 15 76 . 78.1(16.0) 60-104
Total Problem-Solving Time - 15 82 81.5(17.3) 60-106

"TMT, Trails B | 17 14 4047 -12.0-06

_a Standard Scores are based on a mean of 100 and a standard deviation of 15.
b2 scores are based on a mean of 0-and a standard deviation of 1.

Visual-PercebtualvAbilities

- Eighteen patienfs were administered the Block Design and Picture Completion.
subtests of the Wechsler Scalcvs' of Intelligence. Tvs}o"patients were assigned basal scorés
due to severe functional disability. In addition, 15 patients were administered the RCFT
FCop)‘l Trial. Two addition_al patients were assigned basal scores due to severé functional
disability, tWo patients were no‘tv administered the test due to lack of normé for their age
group, and one patient had miééing data. vTabl‘e 3e displays the mediéns, means, standard
~deviations, and ranges for ,releVént summai'y _stéti_stics.
Table 3e

Summary Statistics fér Measur’es of Visualf—Percepiual Abilities

- N N Median Mean (SD)  Range
Block Design® 20 7 - 71@3.7) 1-13
Picture Completion. = - 20 ' 5 - 6.4 (3.9 1-12
RCFT Copy Trial 17 Within Normal Range 29.4%

Within Impaired Range 70.6%

2 gcaled Scores are based on a mean of 10 and a standard deviation of 3.
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Language Abil itiés

Eighteen patients were administered the Vocébulary‘ahd 'Similaf:iti,es éubtests of
the Wechsler Scales of Intélligence. Two patients could not comijl,et_e fhe tes-t‘Because of
severe functional disaBility and were assigned basal séores\. In addi‘tiOn, 16 patients were
administered the WIAT-Ii—A Reading subtest and two additioﬁal paﬁents‘ assigned basal
scores due to severe functional disability. An additionél tWo patients were riotv
administered the test due to lack of norms for their age group. Table 3f displays the
medians, means, standard deviations, énd ranges for relevant summary statistics.
Table 3f

Summary Statistics for Measures of Language F: unctioning

N Median  Mean (SD) Range

Vocabulary® = 20 6 5224) 1-8
Similarities | 20 6 5.6 (3.0) 1-10

Reading Subtest’ 18 85 80.0 (21.9)  40-108

2 Scaled Scores are based on a mean of 10 and a standard deviation of 3.
b Standard Scores are based on a mean of 100 and a standard deviation of 15.

| Mot‘or Functioning
The Purdue Pegboard (dominant, nondominant, and simultaneous both hand
trials) was administered to 16 patients. Two additional patients could not complete the
test because of severe functional disability and were assigned scores one standard
deviation lower than the lowest score attained by any given study partic-ipant. Further,
one patient was not administered this measure due to lack of norms for her age group and
one patient had missing data. Table 3g displays the medians, means, sfa_ndard deviations,

and ranges for relevant summary statistics.
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Table 3g

Summary Statisticsf'or‘Méasurés'bf Motor Functioning

N Median »]Mea"l,i '(‘S“D)'. " Range

" Dominant Hand® 18 23 -43.0,(1_.j8)' " -6.0--0.8
Nondominant Hand 18 .. 24 -2.8(2.0)  -6.0-0.6 -

BothHands = 18 25 279 -6.0-02

a}’z'scorfes are based on a meanoannd é.standafd dev1at10nof 1 AD
|  Academic Acﬁievement

Slxteen patlents were admmlstered thevReadlng, Spelling, and Numerlcal
Operat1ons subtests of the WIAT II A Two add1t1ona1 patients were ass1gned basal
scores because of severe funct10nal d1sab111ty and another two patients were not
administered the meesuredue_‘to lack of norms for their age group. Table 3h dlsplays the
medians, meaﬁs-, standard def}ietions, and ranges for relevant summary statistics.
Table 3h |

Summarjy Statistics for Measures of Academic Achzevement

N~ Median Mean (SD)  Range
Reading® DR I N (. T g5 80.0(21.9)  40-108
Spelling SR 18 81 = . 793(214)  40-109
Numerical Operatlons s 18 88 - 77.0(22.4) - 40-111

TotalComposrte T 18 83 78.4.(17.7) 46-110

? Standard Scores are base‘dv on a.mean .of 100 and a Sta,ndard‘bdeviation of 15.
BehaVioml/Psychidtric‘F uhctioniné
Five ._pa_'tienfs Were administered the ége‘y ‘apprOpr'iete BASC Self-Repert measure
and nine‘pérents were adm'inistered the age ‘ép‘prepria»te BASC Pé_rent—RepOrt measure.

MisSing values were due to lack of age appropriate forms, non English-speaking parents,
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and patlent s 1nab111ty to complete the measure due to severe dlsablhty Table 3i displays
the medians means, standard dev1at10ns and ranges for relevant summary statistics.

| Table 31

Summary Statistics for Measurés.of Behavioral/Psybhiatric Functioning

N Median  Mean (SD)  Range

Self-Report ,

School Maladjustment™ 5 57 55.8 (14.7) 41-77
‘Clinical Maladjustment 5 45 46.2 (5.5) 40-55
Personal Adjustment’ 5 46 41.8 (15.4) 16-55
Emotional Symptoms Index” 5 47 50.2 (10.2) 43-68
Parent-Report ’

Externalizing Problems 9 52 55.1 (12.5) 37-74
Internalizing Problems® 9 56 54.6 (11.9) 37-72
Behavioral Symptoms Index” 9 54 56.8 (11.9) 36-72
Adaptive Skills® 9

36 38.2(14.3) ~ 20-56

T Scores are based on a mean of 50 and a standard deviation of 10.
b Higher T Scores represent poorer functioning.
° Higher T Scores represent better functioning.

Tests of Hypotheses
Hypothesis 1
Comparison of Cognitive Outcomes with Normative Samples
It was hypothesized that on average, TBI patients would perform more poorly
(i.e., there would be statistically signiﬁcant differences in group means) on all measures
of intellectual and neuropsychological functioning as compared to age matched
nonclinical individuals based on the standardized age appropriate published norms for
each instrument. A z-test yvas used to identify statistically significant differences in mean
scores of tne study sample as compared to ‘published norms. Because raw data was not
available for the normative sample in most instances, summary statistics, including

means and standard deviations, were used to test for significant differences using Minitab
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14. Table 4 lists the sample size for each'group with respective' z'» stetiStics» pvalues and ’

95% confidence intervals for the mean. Con51stent with hypothe31s 1, the results in Table

4 demonstrate that all of the test scores were statlst1ca11y s1gn1ﬁcantly lower in the study "
sample as compared to pubhshed‘norms (allp< 02). .
Table 4

Comparison of Cognitive T est-Resztlts with Normative Samples "_:if B

N z-ifalu'e P 95% CI for

(study/morm) mean

FSIQ 20000 677 <001 654-810
Symbol Search 3 ' =526 . <001 - 45-75
Coding SRS 487 <001 ~ 48-78
Digit Span - 2527 <001 44-74
Letter-Number Sequencing : : <658 <001 42-6.8
Block Design , =351 <001  55-87
Picture Completion : _ -4.13. - <001 4.7-8.1
Vocabulary =~ . -894 <001 4.1-6.3
Similarities ‘ S 656 <001 < 43-69
CVLT Total Trials 1-5 T ~18/70 - -5.28 <001 ~276-39.8
List A Short-Delay Free Recall -5.66 <.001 -22--1.0
List A Long-Delay Free Recall =~ - v -5.09 <.001. -2.5--1.1
RCFT Immediate Recall = 17/30 -5.89 <001  243-37.1
RCFT Delayed Recall -5.61 <001 25.6-38.2.-
TMT A | v 17/30 275 - 006  -3.1--05
T™T B : -3.51 <001 - -62--1.8
TOLDX Move 15/100 -3.85 <001 - 734-914
TOLDX Correct =499 - <.001 79.5-91.1
TOLDX Rule Violation . -3.00 .003 72.7-94.3
TOLDX Time Violation : -2.51 .012 75.1 -96.9
TOLDX Initiation Time -4.81 - <.001 89.2-95.4

- TOLDX Execution Time =530 . <.001 70.0 — 86.2
TOLDX Problem-Solving Time ‘ : 414 .~ <001 72.7-90.3
Purdue Dominant Hand ' - 18/30 -7.07 1 <.001 -3.8--22
Purdue Nondominant Hand - ' -594 <001 -3.7--1.9
Purdue Both Hands -~ ° ‘ e ‘ _ <6:03 .<.001 -3.6--1.8
WIAT-II-A Reading .18/100 -3.87 <001 - 69.9-90.1
WIAT-II-A Spelling : e - -410 . <001 - 69.4-89.2
WIAT-II-A Num. Operations =~~~ . "~ " T -4.360 <001 -~ 66.7-873

WIAT-II-A Total Composrteg el 458 0 <001 70.2-86.6
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Hypothesis 2a
| 'Tfme Passed Sihce Injui‘j‘)‘ah’d Cognitﬂé Outcome

It was hypdtﬁééized that time p“’a_s.gé‘d_ siri;:e injury (in Years) would be»positively :
associated with int,ellectuél and ‘rvleuropsycho‘klrc\_‘)lgical~outéome éne to four years post
injury. Becaus_é'tlnie;\vf'drigbjl"eis;__off intéﬁrfeuét' approx1matedthe nonna1 disi_ribution, a Pearson
: éorrelatioh coéfﬁ;:i‘ehf:- wasrun :tc;n‘ev.ah‘la.te‘ ;he vﬂa’s‘soc":iation’ between the time Variable and
outcome scores. Contrary to What was exp@ctéd, tirr;e passe'd since injury yielded only a
mild (not statistically signiﬁcant)‘ "a‘ss'j.(-)ciativon with-Full Scale IQ (r = .14, p = .56) and the
corﬁbined Neuropsychological Index (NPI) (r = .13, p = .60) (Figures 1 and 2). This held
true even when the sample was divided into two groups by age at injury (i.e., 8 years or
younger and older than 8 years). The 8-year cut-off was chosen based on avéilable
literature suggesting this to be a critical period of higher order cogﬁitive development
(Anderson, Catroppa, Morse, Haritou, & Rosenfeld, 2000; Duval, Dumoﬁt, Braun, &

Montour-Proulx’, 2002; Hanten et al., 2004).
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Figure 1. Time since injury and FSIQ | Figure 2. Time since injury and NPI
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Hypothesi’s 2b
. Age at Injury and Cognitive Outcome
It was hypothesized that age at the time of injury (in years) would be positively
| 'associ‘ated with intellectualand neuropSychological outcome one to four years post
injury. Pearson correlat1on coefﬁc1ents were run to evaluate the assoclatlon between age
at 1nJury and the outcome scores Moderate assoc1atlons were noted in the posrtwe and
' expected dlrectlon between age at injury and both Full Scale IQ (r = 39 p .09) and NPI
(r=27,p=.25). Lack of statistical srgmﬁcance was lrkely due to the small sample size.
‘When coefﬁcrents were recalculated for the younger (< 8 years) a_nd older (> 8
years) age at injury groups, no notable"correlations Were'noted-' for. the:‘younger group. In
fact, scoreé were consistently low regardless of age: at 1nJury w1th amild trend in the
posrtlve direction (Flgure 3). In the' older group, however age at 1n]ury was strongly
associated not only w1th Full Scale IQ (r =72,p= 01) (Flgure 4) but also a number of
, neuropsychologlcal 1nd1ces 1nclud1ng attentlon problem solvrng/executwe skrlls

language Verbal memory, and motor SklllS (r ] between 58 and 71 and allp < .05).
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Hypothesis 2c |
Injury Severlty and Cognmve Outcome

It was hypothe31zed that i 1nJury severity (GCS) would be negatlvely associated
w1th mtellectual and neuropsychologlcal outcome one to four years post injury.
Spearman correlation coefﬁcrents (based on the non-normal conﬁgurat1on of the GCS
variable) were run to evaluate the assoc1at10n between 1njury severlty and the outcome
scores. As expected GCS ‘was pos1t1vely assomated w1th the combined NPI (r = .52, p = |
.02), yielding a large effect size. GCS was also posmvely and moderately associated
with Full Scale 1Q (r =.33, p = .16). Thi‘s'asysociation was espe‘c‘ially strong in the < 8

years at time of injury group; NPLr=.72,p= .‘.0.4‘ and FSIQ: r= .'57, p = .14 (Figure 5).
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Figure 5. Gcs' and FSIQ (<8 years) Figiure'6.b GCS and FSIQ (>8 years)

- Infact, many of the 1nd1v1dual neuropsychological domalns including attention,
-problem solv1ng/execut1ve SklllS v1sual-percept1on language verbal memory, and
academic ach1evement were also notably assomated w1th GCS (r s between .53 1t0.79) in
the < 8 years at t1me of i 1nJury group. However, the assoc1at10.n vbetween GCS and e1ther
Full Scale IQ or NPI, althouglr _e)rnil)iting a'poeitii/e trend, was not asi’ strong in the older -

group; NPI: r = .38, p=.22 and FSIQ: r= 14, p = .66 (Figure 6). These results suggest -
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that at older age at tlme of 1njury (>8 yearsj cogmtrvc functlomng outcome is variable,
even in severe head 1njury cases. This, however does not appear to hold true for children
experlencmg a-head 1nJury.at,age 8 or»vounger. |

~ The relationship'betvveen age at time of injury‘and injuryz'severity» was explored
fnrther by assessing vvhether an interaction (additive »or mnltiplicative) exisrs . Two
combined variables werecreated by 1) sum_rning and 2) rnuitiplying the standardized
GCS and age at injury variables. Pearson correlation coefﬁcients: indicated that the
combined score using the product term was mild to moderately correlated 'with either
FSIQ (r = -.22, p =.36) or the combined NPI (r = -.16, p 49). However a strong
correlation was noted between the additive coefficient and both’ FSIQ and NPI (both r’s =
.60, p = .01). Further, 1n a regression model predicting FSZI_Q, the'additive coefficient
explained 13% more variance above and beyond What botnage and severity variables
explained collectively (F=3.44,p =-‘.O4). These results-support the additive combined
score, where the presence of both risk factors (younger age at 1nJury and severe injury)
resulted in poor outcome and the absence of both resulted in good outcome. Those with
only one of the risk factors had variable outcome (Frgure,,7).
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Figure 7. FSIQ by Age at Injury and GCS Grouping
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| Hypothesis 3a
Role of N-acetylasparatate (NAA) in Cogmtzve Outcome :
Smgle Voxel Spectra
It was hypothesized that NAA ratros from the smgle Voxel vspectra would be
positively correlated with cogmtlve outcome Pearson ] correlatlon coefﬁcrents were
used to correlate NAA 'spectra_ and the metabohte ratros NAA/Cho ‘and;NA‘A/Cre from
the occipital and pariétal "regions with FSIQ and NPIAs hypothesized, FSIQf:was
positively and strongly associated with parietal NAA-,occipital/parietal NAA/Cre, and -
parietal NAA/Cho (r’s ranging from .57 - .63; all p < .01 ) Also, NPI Was,po,sitively and |
strongly associatedwith occipital/parietal NAA, NAA/Cre,«an’d NAA/Cho (r’s ranging -
from 48 - 64 all p < .04). | o
MRSI or Multi-Voxel Spectra |
Tt was hypothesized that MRSI NAA Vrati»'os: vslould be: positiVely correlated with

cognitive outcome. NAA spectra metabolite ratios (With Cre’{arld Cho) Were calculated '
and correlated with both FSIQ and NPI usmg Pearson s correlatlon coefﬁ01ents Spectra
were sampled from the 1) anterlor/mlddle/posterlor corpus callostlm‘ 2) rlght/mlddle/left '
frontal gray matter 3) rlght/left frontal white matter 4) rlght/mlddle/left parleto -occipital
gray matter; and 5) rlght/left parletal white matter. Except for NAA/Cho in the parleto-
occipital gray matter FSIQ was strongly associated w1th NAA/Cre and NAA/Cho from-
all five sampled reglons separately and when combmed into a total score. (r s rangmg
from .45 to 70 all p < 05) Slmllarly, NPI was strongly correlated Wlth all the reg1onal - |
metabolite ratios 1nd1v1dually as Well as the combined total from all ﬁve reglons (r ]

ranging from .48 to .71; allp »<~.,'O4)‘ c -
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Hypothesis 3b
Role of Choline (Cho) and Creatz'ne (Cre) in Cognitivé Outcome
Single Voxel Spectra |
It was hypothesized that éht) and Crfeyvould be negatively correlated with
cognitive functioning. Single voxel metabolite ratios fot Cho/Cre from the occipital and |
parietal regions V\}jer.écd;rrélatéd; w1th both FSIQ and NPI using Pearson’s correlation
coefficients. Contrary tt) the proposed hypothesis, the correlations between occipital or
parietal Cho/Cre and FSIQ Ot NPI were not ;tatistically significant (r’s ranging from -.09
to .18, all p > .46). Fulfthe‘rmore‘_, no statistically_signiﬁcant correlations were noted
between the individual Cho and Cte measureméhts-in the oc’cipital‘or the parietal regions
with FSIQ or NPIL
MRSI or Multi-Voxel Spectra
As part of the same hypothesis, it was expected that Cho and Cre would be
negativély associated with cognitive outcome. MRSI Cho/Cre metabolite ratios were
calculated and correlated with both FSIQ and NPI using Pearson’s correlation
coefficients. Spectra were sampled from the: 1) anterior/middle/posterior corpus
callosum; 2) right/middle/left frontal gray matter; 3) right/left frontal white matter; 4)
right/middle/left parieto-occipital gray matter; and 5) right/left parietal white matter.
Again, neither FSIQ nor NPI were strongly correlatea with Cho/Cre regional metabolite
ratios or the combined total from all five regions (r’s rahging from -.29 to .12, all p >

28).
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Hypothesis 3¢
Role of Other Metabolites in Cognitive Qutcome

Single Voxel Spectra |

It was hypothesized that other metabolites, including Glx, ml, and Lac would be |
negatively correlated with cogniti?e outcome. Single voxel metabolite ratios for Glx and
ml from both the occipital and pa_ﬁetal regions were cbrrelated with both FSIQ and NPI
using Pearson’s cbnelation coefficients. Glx was mild to moderately correlated with
FSIQ and NPI in the negative dir¢ction, as expected (r’s ranging from -.22 to -.3 5). In
addition, both occipital and parietal mI were moderate to strdngly correlated with FSIQ
(both 1’s -.45, p < .05) and NPI (occipital: r = -.44, p = .05; parietal r = -.38, p = .10).

Since only one patient had a detéctable lactate peak in the occipital region spectra
and nonev had a lactate peak in the parietal region spectra,"correllational analyses were not
- possible for this Variabie. This \}Qa;s hdt expected since previous studieé have associated
lactate levels to presence and degree of cognitive deficits. ‘

- Multil;ariable Médeli;g ofCoénitivé Outcome Using MRS

Predicting FSIQ and NPI Using Linear Regression Modeliﬁg |

Using a multiple linear regfeééion equation, FSIQ was modeled using single voxel
MRS variables which were strongly correlated with the outcome but Which did not
contribute redundantly (i.e., no sighiﬁcant multicollinearity) to FSIQ. Thus, the
NAA/Cre ratios from both the parietal and occipital regions were included in the model.
The overall model was significant, F(2, 17) = 6.517, p =.008, with the predictor variables
explaining 43.4% of the vafiance in FSIQ. Next, the total com‘bined (from the five

regions of interest) MRSI NAA/Cre ratio was included in the second step of a subsequent
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“ "refl,rfessien lnodell The'ovefall model was signilicant F(3 . 1'6) = 5.038 p= .0l2, with
- MRSI contr1but1ng an add1t1onal 5. 2% to the total variance explamed in FSIQ (although
-not stat1stlcally s1gn1ﬁcant p 223) (Table 5a, Model 1).
| Slmllar results were noted when pred1ct1ng NPL Occ1p1tal and parletal NAA/Cre
a 'rat1os 51gn1ﬁcantly pred1cted NPI F(2 17) 6 761 p= 007 accountmg for 44.3% of the
Var1ance in NPL The add1t1on of the MRSI total NAA/Cre ratio resulted in a statistically
‘ s1gn1ﬁcant overall model F(3 16) 6 059 p= 006 w1th an add1t1onal 9% of the
' | variance in NPI accounted .fo‘r. The change 1nF was not stat1st1cally significant (p =
.101) (Table 5b, Model 1). ﬂ.l;“nrther, the MRS‘Ifte_tal NAA/Cre alone explained a
v signiﬁcanl per_tion of the,yarianCe in_both_ FSIQ (40%) and NPI(S 1%) (Tables 5a and 5b,
Model 2 L ERERT W EE Y ; .

In,additlon;’ two models welfe run which took into aeeount important clinical
, c’ovariates.v T hevcovarlates included the eonlinuous additive combined score of age and
'injnryi severity (i.e., GCS scOres) and number of days in a coma, both of which were
sbtrongly‘ correlated with the outcome but did not pfoVide redundant infonnatlon; The
reéional NAA/Cre explained variance ab}ove and heYend the additive combined age at
injury and injnll’y severity variable, explaining 18% (p =.02) more in FSIQ and 26% (p=
.003) more in NPI '(;Tables 5a and 5b, Model 3). However, when both the combined
addltivevariable and vtOtal days in coma were included as covariates, the clinical
covariates explained 65% of the Variance'vin FSIQ. The change in variance after adding
the MRSI tetal NAA/Cre varia‘hle __Was not statistically signiﬁcant, adding 2% to the
ovefall variance explained in FSIQ (Table Sa, Model 4). Similar results were noted when

predicting NPI. The covariate variables alone significantly predicted NP1, F(2, 17) =
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26.989,p < .001, ,accoypmt»ing‘ for 76.0% of the variance. Contributing another 3% to the

total explained variance, the NAA/Cre combihed ratio did not contribute significantly to

the overall varlance explained (p = 138) (Table 5b, Model 4)
Table 5a

Summary of Linear Regresszon Models Usmg MRS to Predict FSIQ

R* vA'dil- R~ Slg of F
' Change Change
Model 1 o ' _
Stepl  1-NAA/Cre Occipital  .434 367 - --
~ 2-NAA/Cre Parietal - '

Step 2 '1-NAA/Cre Occipital 486 389 .052 223
2 - NAA/Cre Parietal '
3 - Regional® NAA/Cre

Model 2 ,
' 1 -Regional NAA/Cre 403 370 - -- -
Model 3 R -
Step 1 1-GCS/Ageatlnj® 355 319 - -
Step2  1-GCS/Ageatlnj. 539 485  .184 018
2 - Regional NAA/Cre - .
Model 4 o | S :
Step 1 1 - GCS/Age atInj. 650 .609 -~ -
2 -DaysinComa S
Step2  1-GCS/Age at Inj. 670 608 019 348

2 -Days in Coma
3- Regional NAA/Cre

(p-value) |

6.517
(.008)

5.038
(.012)

- 12,153

(.003)

9.910
(.006)
9.944
(.001)

15.799
(.000)

10.804
(.000)

' NAA/Cre metabolite ratlo from MRSI (multl-voxel) combmed regional spectra
Addmve combined score for GCS and age at injury.
*Standardized beta coefficient s1gn1ﬁcant atthe p < 05 level.

Std.
Beta

267
445

-017

382
402

635

596
.404:
470

402 :

577"

361"

-471"

187



Table 5b

' Summary of Linear Regresszon Models Usmg MRS to Predtct NPI
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o Adil R Sig. of F

o C_h_ahge Change
Model 1 B S S
Step1 ~ 1-NAA/Cre Occipital 443 378 - = =

2 - NAA/Cre Parietal - ST
Step2  1-NAA/CreOccipital 532 444 089 .10l

2 - NAA/Cre Parietal
3 - Regional NAA/Cre®

Model 2 _ WL
1 - Regional NAA/Cre. 508 481 - -
Model 3 . | .
Step 1 1 - GCS/Age at Inj. 363 328 - -
Step 2 1-GCS/Ageatlnj. ~ .625 .581 261  .003
2 - Regional NAA/Cre
Model 4 ,
Step 1 1 - GCS/Age at Inj. 760 732 - -
2 - Days in Coma
Step 2 1 - GCS/Age at Inj. 792 753 032 138

2 - Days in Coma
3 - Regional NAA/Cre

F

(p-value)

6.761

(.007)
6.059
(.006)
18.597
(.000)

10.277

(.005)

14.162
(.000)

26.989
(.000)

20.332
(.000)

NAA/Cre metabolite ratio from MRSI (mult1 voxel) combmed reglonal spectra.
Addmve combined score for GCS and age at injury.
*Standardized beta coefficient significant at the p <.05 level.

Hypothesis 3d

Regional 'MRS Data and Cognitive Outcome:

Compared to single voxel spectra, MRSI (multi-voxel) is uhique in that

metabolites from various regions of the brain can be sampled for comparison.

Exploratory analyse;\ys*wére"édndu:ctéd;to investigate whether notable differences in

regional MRSI results were associated with below average performance on FSIQ or the

various neuropsychological domains.’ To this end, independent sample t-tests were

- Std.
. Beta

473
245

100

161

527

*

713

603"
374"
560"

.378’:
-.669

.326:
-.534
240
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conducted to test differences 'in: 'aVerage metabolite ratios f;ar groups ‘identif"'le}dvby <or>
one sfandard devi@tibn beléw _thé normative mean on ESIQ and other heuropsychological
domains. This cﬁtoff was based on the availablé literature a;ssess,i,ng‘ the efficacy of MRS'
variablés in prediéting neuer’s"ychoflvoﬁg”'i{:’_alf-voyf_c}cor:r'le" (Brennér ét al., 2003). Only NAA
metabolite ratios were included since the Co&éiation and regression'analyscf:s _ébove
indicated t_herri tobea robust and strong predlctor of éqgﬁitive outcome.

Consisfent and statistically signiﬁcéhfl group différences wére nofed for
metabolite.‘rétivos across fhc yarious regiogs";séihpled‘ for FSIQ, nonverbal memory, and
Visﬁal-pefceptual funcﬁonin’g, perhaps guggesting thaf the integrify of these functions is’
sensitivé to changes in NAA‘T(and fitS"nTefabbiités) across the braih regions sampled.
.Fufth_er, é notable but consistent trend in lower séores 'was observed for metabolite ratios
of the frorital,gr,ay ﬁaﬁer. Again, this ﬁndiﬁg may suggest that the fronfcal- regions,
specifically frontal gfay mattef, play a signiﬁcant_fole in various neurqpsychological
functi_dns‘ Jandvv that'signiﬁcant changeé 1n brain ‘metabolites (i.e., NAA and its ratio
combihations) 1n this région aré as§00>iated with poor functioning ééross seve‘ral cognitive
domains"(Table 6). Larger sample sizes éfe necessary to covhﬁr»rrvl thes§ ﬁndings.

Hypotéé&is 4a N
'SWI Lesion Number c;nd ‘Volume_aﬁd Cognitive Outcome |
,'Predicting FSIQ and NPI ‘Using Linev’ar Regres&iorl Modeliﬁg S
N It was hypothesized thai ﬁemorrhage- Vélumé and lesion nllir"nber‘ would be
vsign.iﬁcavnt predictors of ir#tellectuél and neuropsychological outcome. Although the total
SWI lesion number and lesion volume variablesv‘slighvtly de’viéted from normality (based

on a visual inspection of histogram and the Kolmogorov-Smirnov test statistic), these



- Table6’

" Means and Standard Dev1at10ns (+) of Reglonal MRS Results by Functlon

Domain Group ,,cc,_ ‘ FGM_ ‘FWM_ POGM _ PWM ~ Comb.
FSIQ <1SD 14+.4" 13+ 3 14+2 14+3 16+ 3 14+ 2
11 +3% 1243 13+2 17+5 114+3 13+.2"
>1SD 17+.4 1814 17+2 17+2 20+2 18+.1
14+4 17+2 17+4 20+.5 --2,’.04_;;4' 1.8+.3
Verbal <1SD 14+4 14+5 15+3 14+3 16+3 153
Memory - 1143 13+4 1443 1846 _._16+3 14+.3
o >18SD 16+4 15+4 16+3 17+3 18+4 17+3
. 13+4 1444 15+4  20%5 1.7+.6 1614
‘Nonverbal <1SD 14+.4 13+.3" 15+ 2 “1.5#3 16+3 15+ 2
~ Memory 12+2 13+3 14+2° 18+4 15+2" 14+.2
>18D 16+.5 21+.5 19+.0 18+2 20+2 19+2
0 14+5 20+3 19+ 4 .,2.3.&;.-.9" 22+.5 20+.4
Attention - <1SD 13+4 12+3 14+.3 13+3 16+3 14+3
: CL1+2 11+2° 1443 17+6 L5+3 14+3
>1SD 16+.3 16+2 16+2 :16+3 18+3 1.7+2
\ v » 13+.3 15+4 15+3 19+.5 1.7+4 16+.3
Executive @~ <1SD 13+.4 13+3 15+3 15+3 16+.3 15+2
- o L1+2 1243 14+2 1945 15+2 14+.2
>1SD 16+.4 1.7+.6 1.7+3 17+3 19+3 17+3
. 144+ 4 16+4 15+4 20+5 18+5  17+.4
Visual- <1SD 13+.3" 13+.3" 14+2° 1343 15+2° 14+2
Perceptual . L1+.2" 12+.3" 13+2" 16+.4° 14+2° 13+.2
218D .1.8+3 17+4 1.7+2 18+2 20+.1 18+.1
. . 15+3 16+3 18+3 22+.6 20+3 18+3
Language ~ <1SD 14+.4 13+3 15+3 14+4 17+3 15+.3
1244 1243 144 1847 165 14+ 4
>1SD 16+2 16+5 16+2 16+2 17+3 16+.2
1342 16+4 15+2 19+2 16+3 15+.2
Motor <1SD 14+.4 14+5 15+3 14+3 17+3 15+3
- . 1.1+3 13+4" 14+2 17+5 15+3 14+2
>1SD 18+.2 17+2 17+3 17+2 18+3 18+2
Lo 15%4 1840 16+.5 24+.6 19+6 18+4
 Achievement <1SD 14+.5 12+4 15+4 14+3 17+4 15+.4
| 12+.4 12+4 15+4 18+.7 17+5 15+4
>1SD 16+3 1.6+.4 16+.2 16+.2 18+3 16+.2
1342 15+4 15+3 2.03;‘.4' 16+.3 1.6+2

T First row of results for each group representatlve of reglonal MRS NAA/Cre ratlos

b Second row of results for each group representative of regional MRS NAA/Cho ratios.
* Significant (p<.05) group differences in MRS results for scores <or > 1 standard dev1at10n below mean.
CC = corpus callosum; FGM = frontal gray matter; FWM = frontal white matter; PGM = parleto-occnpltal '.

gray matter; PWM = parletal white matter; Comb = combmed reglonal MRS data ‘
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distributions were not extreme warrant-ing parametric test statistics were used. SWI
lesion number and Volume were correlated with FSIQ and NPI using the Pearson
correlation coefﬁclent As hypothe51zed NPI ylelded a large magmtude association with
total SWI les1on number (r = - 490 p= 039) and a very large magmtude association with
total SWI lesron volume (r =- 666 p 003) (negatlve drrectlon) Similar associations
were noted between FSIQ?nd:leh., lesron_volume (r % -573, p= .013) and number (r = -
377, p=.123). These coefﬁclents ‘reﬁected ‘;large‘ effect 51zes 1n the negatlve direction.
Using multlple regressron FSIQ was modeled usmg SWI les1on volume and
number. The overall model was srgmﬁcant F(2 15) 4 314,p= 033 w1th these two
Varlables together explalmng 36 5% of the variance 1n FSIQ The majority of the
contnbutlon to the explamed variance m FSIQ was from le51on volume (standardized
beta = - 868 p= 037) with le51on number havrng a relatlvely smaller contr1butron to the
overall model (standardlzed beta = 351 p = 368) Slmllarly, SWI le51on number and
volume together were 51gn1ﬁcant predlctors of NPI F(2 15)=6. 361 p=.010,
v accountlng for 45. 9% of the variance. Only les1on volume varlable had a statlstlcally
s1gn1ﬁcant contrlbutlon to the overall model (standardlzed beta = - 861 p 026) with
le51on number contnbutrng relatlvely less (standardlzed beta 233 p= 515) (Table 7).
F1nally, a set of regressmn models 1nclud1ng 1mportant chnlcal Varlables were
» mvestrgated The chmcal covarlates modeled were the continuous addrtrve combined
- score ‘of age at 1njury and 1nJury severrty (1 e, GCS scores) and number of days ina
coma both of which were strongly correlated with the outcome but d1d not prov1de
 redundant 1nformat10n When predlctlng FSIQ the chmcal Varlables alone explained

v 70.7% of the varrance‘._ The addltlon of the SWI_total lesion number and'volume :
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variables in the se‘gon’d sfcep added an afiditional 12% to the proportion of variance
explained (p k=".04‘0)”.» k’Simiiiavriy, :whe‘n{l’)r‘re‘dic:tin:g;NPI‘, the covariates alone accounted for
78.5% ,Qf the variance. The additidn of the SWI _Variables resulted in an additional 9% of
the variénce’being ex’p}lained“(pi= .030) (Table 7). In both models, SWI lesion volume
’énd nuniber had a unique and statistically sigﬁiﬁcant contribution to the pfediction of the
outcome.yariébles (p < .05) and were, therefore, retained in the final models.

Tablleb 7 |

Summary of Linear Regressibn Models Using SWI to Predict Outcome

R* Adj. R Sig. of F F Std.
R* Change Change (p-value) Beta
Predicting FSIQ ‘
Model 1 ,
Stepl - 1-SWILesion# 365 281 - - - 4314 351
‘ 2 - SWI Lesion V* o (.033)  -.868
Model 2 ' 7
Step 1 1-GCS/Age atInj.® .707° .668 - - 18.071 309
2 - Days in Coma | | ©(.000)  -.688
 Step2  1-GCS/Ageathnj.  .821 .766  .115 .040 14928 286"
2-DaysinComa (.000)  -.758"
3-SWILesion# | ‘ 634°
4 - SWI Lesion v oo -.542"
Predicting NPI ' : -
Model 1 o
Step 1 1 - SWI Lesion # 459 387 - -- 6.361 233
~ 2-SWILesionV (010)  -.861
" Model 2 , :
~ Step 1 1-GCS/Ageatlnj. 785 .757 - - 27420 2917
2 -Days in Coma | | (.000)  -747"
Step 2 1-GCS/AgeatInj.  .875 .837  .090 .030 22748 267
2 - Days in Coma (.000)  -729°
3 - SWI Lesion # | | 505°
4 -SWI Lesion V | | -.549"

* SWI total lesion volume; ' ° Additive combined GCS and age at injury; © Differs from regression statistics
presented in Table 5 due to smaller N (18 SWI vs. 20 MRS); " Standardized beta coefficient significant at
the p <.05 level. . '
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Hypothesis 4b | |
| Comparison of SWI dnd GRE in Predicting Cognitive Outemhe :

It was hypothesized that lesion number from SWI would be a better pfedietor of
cognitive outcome compared to those from conventional MR-images. SW‘Irhas been
dernonstrated to be substantially better than’co_nventional MRI (GRE) when detecting
hemor‘rhagic lesion numBer andvolurne (Tong et al., 2003). HouVever, it 1s not clear if
improvemenfin detection of lebs‘ionsv cuﬁesponds with ‘better prediction of long;terln
‘ cognitive‘ outcome. Thue, total SWI and -GRE,deteeted lesion numbere. -only' from regions

of the brain where MRSI data vuas eellected were compared. | | |
Large m‘agnitude assoeiations uuere noted between FSIQ und both SWI and'GRE
lesion numbér in 1;he expected negative directiOn (GRE:r=- ‘376 p= 125;' SWLr=
| 443, p=.051). Furthermore, both GRE and SWI lesion number strongly moderately
correlated with NPI (GRE: r = -.486, p .041; SWL: r= - 472 p= 036) Ina 11near
multiple regreesion predi‘cting FSIQ,:‘t‘otal-GRE lesion number explained 1 4 1%‘ of the
variance in FSIQ. When SWI‘ lesien number was entered in the see’ond step, the amount
of explained variance approxifnétely doubled to 29.4%. Although the _p-Value a-ssociated
with this statistic (p = ..091) w‘as not stati.stically signiﬁcant its magnitude is relatively
large and both chmcally and practlcally meamngful Slmllar results were noted when
predlctlng NPL Total GRE lesion number accounted for 23. 6% of the variance. Adding
total SWI lesion numb‘er in a second step _expla_uned. an add111onal 10% (Table 8).
- Ttis i'rnport;ant'to note that there are two ivmportantirlimi»tav't_.ions in the data used to
run these comparison anal"'ys"eéz‘: 1) onlyGRE and SWI lesi‘eninurnber,s Were available for

analysis, which was demonstrated in the above analyses to be a weaker predictor as
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compared to lesion volume, and 2) G'RE»lesion da'ta. Qﬁly from regions Qf th¢ bfeiin
sampled for MRS studies (see abéve) were available;-alibwing comparisons between
GREand SWi lesion numbers ohly from these limited régionallare'as' as compafed to data
from the entire brain. Both of Ehegg may have signiﬁéantly affectedvc‘ro'mparative aﬁalyses
between GRE and SWI as predictors of long-teftn cognitive outcome.

Table 8 |

- Summary of Linear Regression Models Comparing GRE and SWI

R Adj. R Sig.ofF _F
"R* Change Change (p-value)
Predicting
FSIQ
Model 1 :
Stepl  1-GRE Lesion # 141 .087 -- - 2.628
. (.125)
Step 2 1 - GRE Lesion # 294 200 153 091 - 3.128
2 - SWI Lesion #* o (.073)
Predicting
NPI
Model 1 ‘ ‘
Step 1 1 - GRE Lesion # 236 .188 - -- 4.938
, ' ‘ (.041)
Step 2 1 - GRE Lesion#  .339 251 .103 147 3.846
2 - SWI Lesion # (:045)

Std.
Beta
-376

.097
-.613

-.486

-.098
-.503

2 Lesmn number based only on regions of the brain imaged using MRS.
* Standardized beta coefficient significant at the p <.05 level,

- Hypothesis 4c
Regional SWI Lesions and Cognitive Outcome
Exploratory analyses were conducted to investigate whether regional hemorrhage

volume and lesion number varled in association with specific neuropsychological
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outcome indices. Both lesion nurnber‘ and volume from nine bram regions were
, correlated‘with each intellectual ancl neuropSychological domain.index using Pearson’s
cor‘relation coefﬁcients. The nine SWI reglons lncludeclt 1) frontal gray matter, 2) frontal
whrte matter, 3) par1etal-temporal occrp1tal gray matter 4) panetal-temporal occ1p1tal
white matter, 5) corpus callosum, 6) basal ganglia, 7) thalamus 8) bram stem, and 9)
cerebellum. The neuropsychological domams included FSIQ, ex‘ecut1ve5_attentlon,»
visual-perceptual, language, achieve_rnent, verbal and nonverbal. memory, and’ motor
skills. Magnitudes of associations were reported instead of statlstical signiﬁcance since
due to the relatively small Sarnple size of the study,’ meamngful associations which can be
identified using magnitudes.may othervvise have- ,been ~loStl ’Large 'eff.ect sizes were
attributed to correlation coefﬁCients close to .5, medlum’ effect ’siz'esl_vvere attrlbuted to
correlation coefficients close ,to .3,'a’nd small effect sizes were attributed to correlation
| coefficients close to .1 (Cohen 1992) |

There were several large medlum and small correlat1on coefﬁc1ents noted. In
general, both SWI le51on number and SWI volume in deep bram re