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ABSTRACT

THE NATURE O F DEFICITS IN THE RATE O F INFORMATION PR O C E SSIN G  

AFTER ACUTE MILD CLO SED  HEAD INJURY

by

G ra e m e  J. Sen io r

Adviser: Dr. D oreen  B erm an

R ecen t  s tu d ie s  have  indicated  that, following a  mild h e a d  injury, pa tien ts  

e x p e r ien c e  slowing in the  s p e e d  with which they  c a n  p r o c e s s  information.

While s ta n d a rd iz e d  t e s t s  have  often d e m o n s t ra te d  th is  reduction in p ro cess in g  

s p e e d ,  they  have  p roved  le ss  useful in identifying th e  underlying b a s is  of this 

slowing. E xperim enta l p a ra d ig m s ,  su c h  a s  th e  m em ory  sc an n in g  p ro ce d u re  

(S te rnberg , 1969a), permit the  partitioning of reaction tim e (RT) into 

c o m p o n e n ts  which reflect the  tim e taken  to com ple te  different s t a g e s  of the  task . 

Two c o m p o n e n ts ,  th e  s lope  a n d  y-intercept, c a n  be  derived  for th o s e  behav io rs  

which a re  b e s t  d e s c r ib e d  by a  linear function. For th e  m em ory  sc an n in g  task , 

the  s lope  e s t im a te  reflects th e  ra te  a t  which central com par ison  p r o c e s s e s  a re  

m a d e ,  while the  in tercept r e p re s e n ts  the  com bined  tim e tak e n  to  com ple te  

s e n so ry -p e rc e p tu a l ,  dec is ion-m aking , a n d  r e s p o n s e  execu tion  p r o c e s s e s .  T he  

p re s e n t  s tu d y  u s e d  nine varian ts  of the  m em ory  scann ing  p ro ce d u re  to  

d e te rm in e  th e  na tu re  of information p ro cess in g  deficits in a  g ro u p  of 13 mild 

c lo s e d  head-in ju red  (CHI) pa tien ts ,  by com paring  their  pe rfo rm an ce  with 13 

a g e - ,  sex-, educa tion - ,  a n d  o ccu p a tio n -m atch ed  controls. All CHI s u b je c ts  had  

e x p e r ie n c e d  a  lo ss  of c o n s c io u s n e s s  of le s s  th an  20  m inutes, h ad  G lasgow

iv



C o m a  S c a le  s c o re s  on adm iss ion  of 13 or g rea te r ,  a n d  w ere  t e s t e d  within 72 

hours  of their injury. T he  first of the  nine t a s k s  e v a lu a ted  the  ra te  at which 

sim ple  fine m otor m o v em e n ts  w ere  p rog ram m ed . T he  rem aining eight ta sk s ,  

w e re  stim ulus m atching  t e s t s  that  varied  in te rm s  of s tim ulus type  (consonan ts ,  

n u m b ers ,  w ords, a n d  pa tte rns) ,  ta s k  complexity, a n d  tem pora l  de lay  be tw e en  

stim ulus  a n d  co m p a r iso n  (sim ultaneous , d e la y e d ,  subtrac tion , a n d  

ca tegoriza tion). In all th e  m atching ta sk s ,  o n e  to four c o m p a r iso n  stimuli w ere  

p re s e n te d  with a  p robe  stimulus. In the  s im u ltan eo u s  identity m atch  conditions, 

the  ca tegoriza tion  a n d  subtrac tion  ta sk s ,  both  p robe  a n d  c o m p a r iso n  se t  

rem a in e d  on  a  c o m p u te r  s c re e n  until th e  sub jec t  r e sp o n d e d .  In th e  d e lay ed  

conditions, a  de lay  w a s  in troduced  b e tw e en  stim ulus a n d  p robe  p resen ta t ions .

All su b jec ts ,  CHI a n d  not, s h o w e d  a  linear in c re a se  in r e s p o n s e  t im es  a s  a  

function of in c re a s e s  in th e  n u m b er  of com par ison  stimuli in a  se t.  L eas t  

s q u a r e s  linear reg re ss io n  w a s  u s e d  to g e n e ra te  s lope  a n d  in tercept e s t im a te s  

for e a c h  sub jec t  on  e a c h  task . Acute  mild CHI su b jec ts  h a d  significantly s te e p e r  

s lo p e s  than  contro ls  on all ta sk s ,  su gges t ing  that  th e  s low ed  ra te  of information 

p ro cess in g  is g e n e ra l  a n d  not specific  to  th e  particular cognitive s y s te m s  

studied. With the  excep tion  of th e  two t a s k s  involving n u m b er  stimuli, CHI 

in tercept e s t im a te s  w ere  no different or, in s o m e  c a s e s ,  w ere  fa s te r  th an  th o se  

of controls. This ind ica ted  tha t  a c u te  mild h e a d  injury specifically a ffec ted  the  

ra te  a t  which cen tra l  co m p ar iso n  p r o c e s s e s  w e re  pe rfo rm ed  a n d  s p a re d  the  

m ore  periphera l  s e n so ry ,  p e rcep tua l ,  dec is ion-m aking  a n d  r e s p o n s e  execution  

p ro c e s s e s .  T h e  implications of t h e s e  findings for th e  a s s e s s m e n t  a n d  cognitive 

rehabilitation of mild head-in ju red  pa tien ts  w ere  d isc u s s e d .

v
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1

INTRODUCTION

Mild h e a d  injury is an  ex trem ely  com m on , if not th e  m ost  c o m m o n , injury to 

the  cen tra l  n e rv o u s  sys tem . Many peop le  experienc ing  su ch  a n  injury display 

no focal neurological abnorm alities  but com plain  of a  com plex  of sy m p to m s  

which include inability to c o n c en tra te ,  m em ory  d is tu rb an c e s ,  a n d  irritability. 

T h e s e  behav iora l  c h a n g e s  a re  difficult to  d e m o n s t ra te  with s ta n d a rd iz e d  

neuropsycholog ica l  te s ts  a s  m any of th e s e  te s t s  w e re  d e v e lo p e d  to d e te c t  focal 

brain d a m a g e  a n d  a re  ill-suited for evaluating diffuse effec ts  (Gronwall, 1989).

T h e re  is a  growing body of ev id e n c e  to indicate tha t  th e  cognitive s e q u e la e  

of mild h e a d  injury m ay  result from a  reduction in th e  s p e e d  of information 

p ro ce s s in g  (Gronwall & S a m p s o n ,  1974; Gronwall & W rightson, 1974; 

M acFlynn, et a l . , 1984; Van Z om eren , 1981; Van Z om eren  & D ee lm an , 1976). 

Information p ro c e s s in g  a p p ro a c h e s ,  s u c h  a s  th e  m em ory  sc an n in g  parad igm  

(S te rnberg ,  1969a), provide an  opportunity to ex am in e  th e  underlying na tu re  of 

this slowing by partitioning m ea n  r e s p o n s e  t im es  into two c o m p o n e n ts ;  the  

s lope , which e s t im a te s  th e  rate  at which central c o m p a r iso n  or organizing 

p r o c e s s e s  occur; a n d  the  intercept, which e s t im a te s  the  time taken  to perform 

the  rem ain ing  periphera l p r o c e s s e s ,  including s e n so ry -p e rc e p tu a l  p rocess ing , 

r e s p o n s e  se lec tion , a n d  r e s p o n s e  execution.

T he  p u rp o se  of this s tudy is to e v a lu a te  the  na tu re  of information p rocess ing  

deficits following mild h e a d  injury, using com plex  reaction  tim e (RT) t a s k s  that
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w ere  d e s ig n e d  to tap  different cognitive functions. C om parison  of s lope  an d  

intercept m e a s u r e s  for mild h e a d  injured pa tien ts  a n d  control su b je c ts  on e a c h  

of the  t a s k s  will indicate the  ex ten t  to which the  slowing e x p e r ie n c e d  by pa tien ts  

is a ttr ibutable  to central v e rsu s  periphera l cognitive p ro c e s s e s .  T he  d e g re e  to 

which d iffe rences  be tw e en  the  two g ro u p s  a re  found on e a c h  of the  nine ta s k s  

will indicate w h e th e r  this slowing is specific to a  particular cognitive sy s te m  or 

underlies  all of the  m e a s u re d  pe rfo rm ances .

Definition a n d  Classification of Mild C lo sed  H e a d  Iniurv

H ead  injury e n c o m p a s s e s  a  wide variety of t ra u m a s  ranging from relatively 

trivial c o n tu s io n s  a n d  lacera tions  to  skull f rac tures , ce reb ra l  con tu s ions ,  

intracranial h e m a to m a s ,  h e m o rrh ag e s ,  a n d  infarction. T he  term  "h ea d  injury" is, 

therefore , so m e w h a t  m isleading, a s  it is the  ex ten t to which the  brain h a s  b e e n  

injured tha t  is of primary concern .  Mild or minor h e a d  injury, in th e  a b s e n c e  of 

known structural d a m a g e  to the  brain, h a s  b e e n  defined  in te rm s  of G lasgow  

C o m a  S c a le  (GCS) sc o re s ,  the  period of post- traum atic  a m n e s ia  (PTA) and /o r  

u n c o n s c io u s n e s s  (Binder, 1986). Although th e s e  criteria s e rv e  a s  practical 

indicators of brain injury, they  a re  far from definitive. For exam ple ,  while the  

p r e s e n c e  of a  period of loss  of c o n s c io u s n e s s  is a n  indicator of brain injury, its 

a b s e n c e  c a n n o t  b e  p re s u m e d  to  indicate th e  a b s e n c e  of cen tral  n e rvous  sy s tem  

dysfunction. T he  term  "h ead  injury" will b e  u s e d  he re  a s  it reflects th e  defining 

charac te r is t ic  of the  patient g roup  in this study , in so  far a s  w e  c a n  b e  certain
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only tha t  all pa tien ts  ex p e r ien c e d  injuries to the  head . The u s e  of further criteria 

s e rv e  to in c re a s e  the  likelihood that  all th e  head-in ju red  su b jec ts  involved were, 

in fact, brain injured.

T he  G lasg o w  C o m a  S c a le  provides  a  m ethod  of es tim ating  severity  of injury, 

using motor, verbal, a n d  eye-open ing  r e s p o n s e s .  This s c a le  e n c o m p a s s e s  the  

full ran g e  of injuries, with s c o re s  of 3-8 being te rm ed  "severe", 9-12 te rm e d  

"m oderate", a n d  13-15 te rm ed  "minor" (Alves & J a n e ,  1985). T he  e ffec tiveness  

of th e  G C S  for evaluating  mild c lo sed  h e a d  injury h a s  b e e n  q u es tio n ed ,  

how ever, b e c a u s e  of its reliance upon physiological r e s p o n s e s .  Most pa tien ts  

with mild h e a d  injury h a v e  recovered  c o n s c io u s n e s s  by the  time th ey  arrive a t 

the  hospital, a n d  a re  characteristically  a w ak e ,  o r ien ted  to  their  su rroundings, 

a n d  convers ing , th e re b y  attaining m axim um  or near-m ax im um  s c o re s  on  the  

sca le .

PTA is the  period following a  h e a d  injury which th e  patient is later  unab le  to 

rem em ber ,  a n d  is m e a s u re d  from the  time of recovery  of c o n s c io u s n e s s  until 

con tinuous  m em ory  h a s  returned. As long ag o  a s  the  late 1940s, PTA w a s  

p ro p o se d  a s  a  s tab le  index of severity of injury (Russell  & N athan , 1946).

J e n n e t t  (1976, 1979) c lassified the  severity  of brain injury, utilizing th e  period of 

PTA, a s :  very mild, le s s  than  5 m inutes; mild, le s s  than  1 hour; m odera te ,  1 to 

24 hours; s e v e re ,  1 to  7  days;  very se v e re ,  m ore  than  7 days ;  a n d  extrem ely  

s e v e re ,  m ore  th a n  4 w eeks .  PTA is usually a s s e s s e d  through direct question ing



of the  patient, a n d  th e  principal criticism of this m e a s u re  h a s  fo cu se d  upon  the  

resulting difficulty in obtaining reliable information (Gronwall & W rightson, 1981; 

S c h a c h te r  & Crovitz, 1977). In o rder  to effectively es t im a te  PTA, pa tien ts  m ust 

b e  ab le  to accu ra te ly  report the  e v e n ts  following their  injury, a n d  th e  ex am in er  

m ust  h a v e  a  sufficiently a c c u ra te  a n d  in d ep e n d e n t  know ledge  of t h e s e  s a m e  

e v e n ts .  In the  c a s e  of mild h e a d  injury this is further com plica ted  by the  fact that 

the  period of PTA is often extrem ely  brief or non-existent a n d  h a s  often p a s s e d  

by th e  tim e a n  e x a m in e r  h a s  the  opportunity to perform a n  a s s e s s m e n t .

B e c a u s e  of this difficulty, the  period of loss  of c o n s c io u s n e s s  (LOC) h a s  b e e n  

u s e d  a s  a n  a lternative  for PTA, with mild head-in juries  a s s o c ia te d  with periods  

of u n c o n s c io u s n e s s  of le s s  than  20  m inu tes  (Binder, 1986; Gentilini, e t  al.,

1985; Rimel, Giordani, Barth, Boll, & J a n e ,  1981; S c h o e n h u b e r  & Gentilini,

1988). The primary a d v a n ta g e  of this m e a s u r e  is tha t  it is relatively easily  

ob ta in ed  from reports  of w i tn es se s ,  e m e rg e n c y  m edical se rv ices ,  or m edical 

staff, a n d  is routinely e v a lu a te d  a s  part of the  m edical work-up.

D esp ite  their limitations, G C S  s c o re s  a n d  duration of LOC s e e m  to b e  the 

m ost  com m only  u s e d  indicators  of severity of injury. Rimel, e t  al. (1981) a n d  

J a g g e r ,  Levine, J a n e ,  a n d  Rimel (1984), in their s tudy  of a d m is s io n s  to 

University of Virginia Hospital from 1977 to 1979, u s e d  a  G C S  of 13 to  15, a  

LOC of 20  m inu tes  or less , a n d  a  hospitalization not e x ceed in g  48  hours  a s  

their criteria for mild h e a d  injury. Kraus et al. (1984), in a  s tudy of h e a d  injury 

hospital ad m is s io n s  in S a n  Diego County, u s e d  a  G C S  of 13 to 15 a s  a n
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indicator of mild injury. O n the  o th e r  hand , A nnege rs ,  G rabow , Kurland, an d  

Louis (1980) in their s tudy  of h e a d  injuries in O lm stead  County , M innesota, 

defined  mild h e a d  injury by a  duration of LOC or  PTA of le s s  than  30 minutes, 

while W hitm an, C o o n ley -H o g an so n ,  a n d  Desai (1984), in a  s tudy  of hospital 

d isc h a rg e s  in the  C h icago  a r e a  from 1979 to  1980, c lassif ied  pa t ie n ts  a s  having 

mild h e a d  injuries if they h a d  a  LOC of less  th an  30  m inutes. The 

C o m p re h e n s iv e  C en tra l  N ervous  S y s te m  T ra u m a  C e n te rs  in S a n  Diego, New 

York, an d  T e x a s  u s e  the  following criteria for patient eligibility for entry into their 

minor h e a d  injury s tu d ie s  (Marshall & Marshall, 1985): (1) a  period  of loss of 

c o n s c io u s n e s s  of le s s  th a n  20  m inu tes;  (2) neurological abnorm alities  lasting 

no m ore  than  48  hours; (3) hospitalization for 48  hours  or le s s  with no 

significant com plicating multiple injury; a n d  (4) normal c o m p u te d  tom ography  

(CT) s c an s .

W h a te v e r  criteria a re  utilized in defining mild h e a d  injury, two conditions 

m ust be  met:

1. T he  criteria m ust exclude  th o s e  pa tien ts  w ho  h a v e  s u s ta in e d  a  h e a d  

injury but not a  brain injury. T ra u m a  to th e  h e a d  a lo n e  is not a  sufficient 

de te rm ina tion  of brain injury; inclusive criteria su c h  a s  duration of loss  of 

c o n s c io u s n e s s ,  period of pos t- traum atic  a m n e s ia ,  a n d  G C S  s c o re s  of 13 to 

14 a re  indicative of brain injury (particularly diffuse brain injury).

2. Criteria m ust a lso  exc lude  th o s e  pa tien ts  who, d e sp i te  th e  a p p a re n t
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m ildness  of their t raum a, h a v e  su s ta in e d  injuries (to the  h e a d  o r  o therwise) 

tha t  e x a c e r b a te  e ither  directly or indirectly the  effects  of the  h e a d  injury. For 

ex am p le ,  injuries to  th e  card iovascu lar  or respiratory s y s te m s  m ay 

co m p ro m ise  oxygen  supply  to the  brain, thus  exacerba t ing  th e  effec ts  of the  

brain injury. Thus, it is important to exc lude  th o s e  pa tien ts  with skull 

f rac tu res , focal injuries (a s  revea led  by neuro im aging  tec h n iq u es ) ,  multiple 

t rau m a, or significant psychiatric or neurologic  h istories (especially  of prior 

h e a d  injury).

E p idem io logy

T he  m ajor c a u s e s  of h e a d  injury a re  traffic a n d  transport  acc iden ts ,  

v iolence, su c h  a s  a s sa u l ts ,  hom icides  a n d  su ic ides, a n d  falls (A nnegers  et al., 

1980; C oope r ,  T ab b a d o r ,  H au se r ,  S chu lm an , Feiner, & Factor, 1983; J a g g e r  et 

al., 1984; Klauber, Barrett-Connor, Marshall, & Bow ers, 1981; W hitm an, 

C o o n ley -H o g an so n ,  & D esai, 1984). T he  a c c u ra te  es tim ation  of th e  incidence  

a n d  p rev a len c e  of h e a d  injuries is com plica ted  by p rob lem s with a n d  

d iffe rences  in th e  criteria for d iagnos is  of h e a d  traum a, m e th o d s  of c a s e  

identification, m e a s u r e s  of o c c u rre n ce ,  a n d  determ ination  of variab les  of 

interest. T h e  first national e s t im a te s  b e c a m e  available  in 1974 th rough  the  

Health Interview Survey  of the  National C e n te r  for Health S ta tis tics  (C a v e n ess ,  

1979). This su rvey  ind ica ted  that, annually , 4 -5%  of the  U.S. population susta in  

h e a d  injuries, ranging in severity  from lacera tions  to intracranial injuries.
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Defining h e a d  injury on the  b a s is  of PTA, loss of c o n s c io u s n e ss ,  skull fracture or 

confirm ed brain injury, recen t  s tud ies  e s t im a te  inc idence  ranging from 200  to 

300  p e r  100 ,000  population pe r  y e a r  (A nnegers , et al., 1980; C o o p e r  e t  al.,

1983; J a g g e r ,  e t  al., 1984; Klauber, e t  al., 1981; Kraus, et al., 1984; W hitman, 

C oon ley -H o g an so n , & D esai,  1984). Frankowski, A nnege rs ,  a n d  W hitman

(1985) ex trapo la ted  th e s e  e s t im a te s  to the  total U.S. population a n d  ca lcu la ted  

that th e re  a re  500 ,000  new  c a s e s  of h e a d  h e a d  injury pe r  year, of which 30% - 

50%  a re  e ither  m o d era te ,  s e v e re ,  or fatal. Minority populations  of m ajor cities 

have  the  h ighest  incidence  ra te s  (250 to  400  p e r  100,000), with white 

populations , a n d  peo p le  in small tow ns a n d  su b u rb a n  a r e a s ,  show ing the  

lowest r a te s  (200 p e r  100,000). T he  overall inc idence  rate  for individuals a g e d  

b e tw e en  0 a n d  4 y e a r s  is approxim ately  150 p e r  100 ,000  a n d  in c re a s e s  to  a  

p e a k  of 550  p e r  100 ,000  by a g e  1 5 - 2 4 .  T he  inc idence  th en  d e c r e a s e s  until 

a g e  50, a fte r  which point it sh o w s  an  in c re ase  with a g e .  P e a k  incidence  for the  

white population is b e tw e e n  a g e s  15 a n d  24, while b lack popula tions  p e a k  

b e tw e en  25  a n d  40. M ales a re  at twice th e  risk of fem ales .

T he  incidence  of h e a d  injury in o ther  coun tr ies  d o e s  not s e e m  to appreciab ly  

differ from tha t  of the  United S ta te s .  The 1977 h e a d  injury inc idence  in New 

S outh  W ales ,  Australia, including pa tien ts  adm itted  for 24  hour observa tion , 

w a s  380  p e r  100 ,000  population, with m otor vehicle  a c c id e n ts  accoun ting  for 

66%  of th e  injuries (McEwin, 1981; Selecki, S im pson , Vanderfield, Ring, &
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Sewell, 1980). M ales  w ere  th re e  t im es  a s  likely a s  fem a les  to expe rience  h e a d  

injuries a n d  the  p e a k  a g e  for injury w a s  15 to 24 ye a rs .  In th e  United Kingdom, 

th e  a n n u a l  hospital adm iss ion  rate for h e a d  injuries in 1974 w a s  270  per  

100 ,000  in E ngland  a n d  W ales , a n d  313  p e r  100 ,000  in S co tland  (Jenne tt  & 

MacMillian, 1981). Incidence ra te s  of h e a d  injuries adm itted  to Ulleval Hospital 

in Oslo, Norway from 1964 to 1971 w ere  266  pe r  100 ,000  for m a le s  a n d  101 

pe r  100 ,000  for fem a les ,  with the  p e a k  a g e  of injury b e tw e en  15 an d  19 yea rs  

(Kollevold, 1976). In C a n a d a  the  d a ta  is le s s  com ple te , but s tud ies  co n d u c te d  

in V ancouver  from 1967  through 1969 indicated  that  m a le s  w ere  twice a s  likely 

to su s ta in  h e a d  injuries a s  fem ales ,  with 7 5 %  of adult injuries resulting from 

m otor vehicle ac c id e n ts  a n d  75%  of child injuries a c c o u n te d  for by falls (Klonoff, 

1971; Klonoff & T hom pson , 1969).

With regard  to minor h e a d  injuries, it is difficult to  e s t im a te  th e  incidence  or 

p rev a len c e  b e c a u s e  of th e  g rea t  variation in adm iss ion  p rac tices ,  th e  large 

n u m b er  of h e a d  injuries in which only h e a d  lace ra t ions  a n d  c o n tu s ions  a re  

su s ta in ed ,  a n d  the  fact tha t  m any  peop le  with mild h e a d  injuries do  not s e e k  

t rea tm en t.  It a p p e a r s ,  how ever, tha t  the  epidem iologic  fac tors  underlying mild 

h e a d  injury a re  the  s a m e  a s  th o s e  for all h e a d  injuries: a  predom inantly  male 

condition that  affec ts  primarily young adu lts  a n d  the  elderly, a n d  is m ost 

com m only  c a u s e d  by m otor vehicle acc iden ts ,  falls, a n d  violence (A nnegers  & 

Kurland, 1979; J a g g e r ,  e t  al., 1984; Klauber, e t  al., 1981; K raus, 1980).
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NeuropatholQQical C h a n g e s  Following Mild H e a d  Injury

Little is known concern ing  th e  n eu roana tom ica l  c h a n g e s  a s s o c ia te d  with 

mild h e a d  t rau m a  in hu m an s .  T he  few reports  of pathological c h a n g e s  

following mild h e a d  injury, th o s e  of O p p e n h e im e r  (1968), P e e r l e s s  an d  

R ew ca s t le  (1967), a n d  Tom linson (1970), have  b e e n  limited to c a s e s  of pa tien ts  

w ho  d ied  from com plica tions  un re la ted  to their injury. T h e s e  investiga tors  

d e s c r ib e d  limited axonal d a m a g e ,  primarily within the  b ra ins tem , in the  form of 

dem yelination , microglial proliferation, a n d  the  expulsion of balls of axop lasm  

(retraction balls).

T h e  s h e a r  a n d  tensile  fo rces  a s so c ia te d  with a  mild h e a d  injury h a v e  b e e n  

a s s u m e d  to  b e  similar to th o s e  following s e v e re  h e a d  injury, which physically 

t e a r  a x o n s ,  p roducing  a  reactive axonal swelling a n d  c a u s in g  axona l  retraction 

balls (Genarelli e t  al, 1982; Strich, 1961). If this w ere  th e  c a s e ,  it would s u g g e s t  

tha t  e v e n  in minor h e a d  injury th e re  is im m edia te  a n d  irrevocable  axonal 

d a m a g e .

In recen t  y e a rs  two anim al m odels  of h e a d  injury h a v e  g a in e d  a c c e p ta n c e ,  

th e  f lu id-percussion m odel in c a ts  (Povlishock, Becker, Miller, Jem k in s ,  & 

Dietrich, 1979; Povlishock, Becker, C heng , & V aughan , 1983); a n d  th e  angu la r  

a cce le ra tion  m odel in p r im ates  (Ja n e ,  S tew ard , & Gennarelli ,  1985), have  

rep lica ted  m any  of th e  neura l c h a n g e s  found in h u m a n s  following s e v e re  an d  

m o d e ra te  head-injury, an d  h a v e  clarifed o u r  un d e rs tan d in g  of th e  pathological
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c h a n g e s  following mild h e a d  injury. T h e s e  m odels  indicate axona l  c h a n g e s  in 

b ra ins tem  a re a s ,  particularly the  reticular formation, giving support  to the  

p ro p o sa ls  of Foltz & Schm idt (1956) a n d  W ard (1966) tha t  the  reticular 

formation is th e  site of dysfunction in c o n cuss ion .

J a n e ,  S tew ard , a n d  Gennarelli  (1985), using the  prim ate  m odel, found axon 

term inal a n d  preterm inal d e g e n e ra t io n  within th e  b ra in s tem  following e v e n  mild 

h e a d  injury. C h a n g e s  in the  reticular formation have  a lso  b e e n  found by Bakay, 

Lee, Lee, a n d  P e n g  (1977) in ra ts  following a  t ran s ien t  loss  of c o n s c io u s n e s s  

induced  by a  blow to the  occipital p ro tube rance .  S tu d ie s  using th e  ca t  fluid- 

p e rc u ss io n  m odel h a v e  a lso  found axonal c h a n g e s  confined  to  th e  bra ins tem  

(Povlishock & Kontos, 1985; Povlishock & Becker, 1985), particularly in the  

ipsilateral c e re b ra l  ped u n c le ,  ipsilateral b a sa l  pons ,  d e c u s s a t io n  of the  

b rach ium  conjunctivum , the  ipsilateral red  a n d  vestibu la r  nuclei a n d  bilaterally 

in th e  reticular co re  (Povlishock et al, 1983). T he  g e n e s i s  of th e  reactive 

swelling a n d  retraction balls, how ever, involved p ro g re ss iv e  c h a n g e s  ra the r  

th an  a n  im m edia te  tearing  of the  axon , with proximal swelling resulting in 

d e ta c h m e n t  from th e  distal swelling within 12 to  24  hours. This finding is 

s u p p o r te d  by Pilz (1983) w ho did not find retraction balls  in h u m a n s  following 

h e a d  injury until 12 hou rs  post-injury. Povlishock (1986) found tha t ,  while focal 

axona l  c h a n g e s  w ere  a  co n s is ten t  fea tu re  of experim enta lly -induced  mild h e a d  

injury, th e  su rround ing  v a scu la r  a n d  p a ren ch y m al  t i s su e  s h o w e d  no structural 

abnorm alities .
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W h a te v e r  th e  fac tors  responsib le  for axonal d a m a g e ,  it a p p e a r s  tha t  mild 

h e a d  injury preferentially affec ts  long-tract d e c u ssa t in g  a x o n s  in the  b rainstem , 

without tearing  the  axon  itself or structurally d am ag in g  surrounding  v ascu la r  

a n d  pa ren ch y m al t i s s u e s .  B e c a u s e  of its orientation on the  neurax is ,  the  

b ra in s tem  is particularly vu lnerab le  to  the  rotational fo rces  com m only  g e n e ra te d  

during h e a d  traum a. Povlishock & Coburn  (1989) a rg u e  that stre tching or 

c o m p re s s io n  of th e  a x o n s  a re  th e  m ost likely m ec h a n ism s ,  a s  t h e s e  would 

ta rge t  long-tract a x o n s  a long  the  neu rax is  an d  have  their g re a te s t  e ffec ts  at 

focal points  a long  th e  a x o n s ’ length. They  no ted  that, d u e  to their iso la ted  an d  

focal na tu re , the  axonal c h a n g e s  a re  likely to b e  th e  so le  d e te rm in an ts  of 

s u b s e q u e n t  morbidity. As the  d e v e lo p m en t  of retraction balls is a  p rog ress ive  

p ro c e s s ,  how ever, the  axonal c h a n g e s  m ay, in fact, b e  reversible. It shou ld  b e  

no ted  tha t  the  d e g e n e ra t io n  p ro d u ce d  by mild injury, a lthough  ex tens ive ,  is still 

relatively diffuse an d  not all of the  axonal projections of a  given sy s tem  a re  

d e s tro y e d  ( Ja n e  et al., 1985).

Im m edia te  N eurobehav io ra l  S e q u e la e  of Mild H ead  Iniurv

P a t ie n ts  with mild co n c u ss io n  t e s te d  for recen t m em ory  b e tw e en  4 a n d  24 

d a y s  post-injury s h o w e d  no d iffe rences  from control su b jec ts  for im m edia te  

p resen ta t ion  or a fte r  a  3 -hour de lay  for t e s t s  of story recall, figure recognition, or 

verbal p a ire d -a s so c ia te  learning. Significant d iffe rences  w ere  found only for 

th e  B en ton  Visual Reten tion  Test,  a  figure recall ta s k  (Cronholm an d  Jo h n so n ,  

1958).
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Mild a n d  s e v e re  head-in jured  pa tien ts  t e s te d  th ree  d a y s  afte r  their injury 

s h o w e d  significant deficits c o m p a re d  with controls  on t e s t s  of distractibility an d  

recen t  m em ory  (McLean, Temkin, Dikmen, & Wyler, 1983). In a  th ree  c e n te r  

s tudy , verbal learning deficits w ere  d e m o n s t ra te d  in mild h e a d  injured pa tien ts  

e v a lu a te d  with the  Se lec tive  Reminding T es t  within o n e  w e e k  of injury (Levin, et 

al., 1987).

Deficits h a v e  a lso  b e e n  found in pa tien ts  with mild head-in juries  t e s te d  

within 48  h o u rs  of their injury on  the  P a c e d  Auditory Serial Addition T a sk  

(PASAT), a  ta s k  involving the  sequen tia l  addition of single-digit n u m b e rs  

p re s e n te d  at progressively  fas te r  ra te s  (Gronwall & S a m p s o n ,  1974; Gronwall & 

W rightson, 1974). T he  ta s k  is com plica ted  by th e  fact that su b je c ts  m ust 

r e s p o n d  with th e  sum  of a d ja c e n t  n u m b ers  ra the r  th an  m aintaining a  running 

total. For exam ple ,  if the  first four n u m b ers  w ere  4, 8, 2, a n d  6, correct 

r e s p o n s e s  would be  12, 10, a n d  8. This requ ires  effective tracking of e a c h  digit 

in im m edia te  m em ory, th e  addition of th e  two num b ers ,  a n d  the  inhibition of the  

ten d e n c y  to  a d d  s u b s e q u e n t  n u m b ers  to this total. H ead-in jured  pa tien ts  show  

g re a te r  dec line  in pe rfo rm ance  with in c re a se d  ra te s  of p resen ta t io n  th an  

norm als, but th e  c a u s e  of this difficulty is unclear.

W addell & Gronwall (1984) te s te d  sensitivity to light a n d  s o u n d  in pa tien ts  

with minor h e a d  injuries (PTA<1 hour), within 7 to 19 d a y s  post-injury. They  

d e m o n s t ra te d  in c re a se d  sensitivity to light, reporting discom fort from a  m ea n
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light intensity of 1366 lux, w hen  c o m p a re d  with controls  m a tc h ed  for a g e ,  sex , 

race ,  a n d  soc ioeconom ic  s ta tu s ,  w ho reported  discomfort at a  m e a n  of 1783 lux. 

While th e  m e a n  d iffe rences  in discomfort sensitivity to so u n d  intensity (82 dB for 

CHI vs. 94 dB  for Controls) w ere  in the  p red ic ted  direction, they  failed to reach  

statistical significance.

R eac tion  Time a n d  H e a d  Injury

Individual d iffe rences  in r e s p o n s e  t im es  h a v e  b e e n  of concern  in the  

m e a s u re m e n t  of m enta l  p r o c e s s e s  s ince  the  d ism issa l  in 1795 of the  a ss is ta n t  

of N icholas M askelyne , the  royal a s tro n o m e r  of England , for r e p e a te d  m is takes  

in the  obse rva t ion  of s ta r  m o v em e n ts  a c ro s s  th e  sky (Schultz & Schultz, 1987). 

T he  application of chronom etric  m e th o d s  to th e  s tudy  of brain d a m a g e ,  

how ever, did not b e c o m e  popular  until a fte r  World W ar  1. In the  early 1920's, 

reac tion  tim e m e a s u r e s  w ere  u s e d  in a  n u m b er  of s tu d ie s  of pa tien ts  with po s t­

encephalit ic  Park inson ism  to ev a lu a te  the  b a s is  of the  o b s e rv e d  behavioral 

slowing. T h e s e  pa tien ts  d e m o n s t ra te d  s low ed  r e s p o n s e  t im es  on  simple, 

cho ice ,  a n d  verba l-assoc ia tion  reaction time ta sk s ,  which w a s  in te rp re ted  a s  

indicating s low ed  m enta tion  ra the r  than  retardation of m o v em en t  a lone  

(B en ton ,1986). This finding of s low ed  r e s p o n s e  t im es  h a s  b e c o m e  o n e  of the  

m ost reliable findings in th e  neu ropsychology  of brain d a m a g e  (Milner, 1986).

C om plex  reaction tim e p ro c e d u re s  have , in g en e ra l ,  p roved  to  b e  m ore 

sensit ive  ind ica tors  of ce reb ra l  dysfunction th a n  sim ple  reaction time. Benton
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(1986) h a s  referred  to  th is p h e n o m en o n  a s  th e  ’com plexity  hypo thesis '. 

A lthough s tu d ie s  of b ra in -d am a g ed  individuals com paring  tw o-cho ice  RT with 

sim ple RT h av e  failed to  d e m o n s tra te  th e  superiority  of th e  fo rm er p ro ced u re  

(Bruhn & P a rso n s , 1971; D ee & Van Allen, 1971; De R enzi & Faglioni, 1967), 

com plex  RT ta s k s  involving th re e  or m ore c h o ic e s  h av e  show n  g re a te r  

sensitivity  th a n  sim ple  RT (Miller, 1970; N orrm an & S v ah n , 1961; V an Z om eren , 

1981; Van Z om eren  & D eelm an , 1978). W hile th e s e  s tu d ie s  involved only 

p a tien ts  with s e v e re  c lo se d  h e a d  injuries, th e  com plexity  h y p o th es is  h a s  a lso  

b e e n  su p p o rte d  in s tu d ie s  of ag ing  (A nders, F o zard , & Lillyquist, 1972; Dirken, 

1972; E riksen , Hamlin, & Day, 1973), a p h a s ia  (C arson , C a rso n , & Tikovsky, 

1968), a n d  d e m e n tia  (Ferris, C rook, S a th a n a n th a n , & G e rsh o n , 1976; Pirozzolo 

e t al., 1981).

T he  M em ory S can n in g  P ro c ed u re

O ver th e  last tw enty  y e a rs , th e  item -recognition o r m em ory  scan n in g  

parad igm  (S te rn b e rg , 1969a) h a s  b e co m e  th e  s ta n d a rd  m eth o d  for evaluating  

ra te  of inform ation p ro ce ss in g  deficits in clinical popu la tions. T he p ro ced u re  

involves th e  p resen ta tio n  of a  s e t  of stimuli to be m em orized  by th e  sub ject. 

T h e s e  stimuli a re  d raw n from a  pool of p o ssib le  te s t  item s a n d  a re  defined  a s  

th e  positive se t. T he  rem aining stimuli from  th e  te s t  item  pool form the  negative  

se t. W hen  a  te s t  stim ulus is p re se n te d , th e  su b jec t is a s k e d  to  ind icate  w h e th er 

it is a  m em b er of th e  positive s e t  by p ress in g  o n e  of tw o bu ttons. If th e  te s t
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stim ulus is ju d g ed  not to  be  a  m em b er of th e  positive se t, th is  is ind ica ted  by 

p re ss in g  th e  o th e r  button. M ost s tu d ie s  h av e  varied  th e  s ize  of th e  positive se t 

while k eep ing  e q u a l th e  likelihood of a  te s t  stim ulus being  a  m em b er of the  

positive  o r nega tive  se t. T he m ean  RT m e a su re d  from th e  o n se t of th e  te s t 

s tim u lus to  th e  execu tion  of a  b u tto n -p re ss  is charac te ris tica lly  p lo tted  a s  a  

function of th e  s ize  of th e  positive se t. T h e re  a re  two com m only utilized varian ts  

of th is parad igm : th e  v a ried -se t a n d  fixed-se t p ro ce d u re s . In th e  v a ried -se t 

p ro c e d u re  a  new  positive s e t  is m em orized  on e a c h  trial, while in th e  fixed-set 

p ro ce d u re  th e  s a m e  positive s e t  is u s e d  for a  s e r ie s  of trials. With e ither 

a p p ro a c h , four fe a tu re s  of th e  resu lts  with norm al ad u lts  c a n  b e  no ted  

(S te rn b e rg , 1975):

1. In c re a se s  in th e  s ize  of th e  positive s e t  result in linear in c re a s e s  in RT.

2. T he  rate  of in c re a se  in RT with increasing  se t s ize  is th e  s a m e  for positive 

a n d  nega tive  re sp o n s e s . W hen  n u m b ers  o r le tte rs  a re  u se d  a s  stimuli, the  

ra te  of in c re a se  is charac te ris tica lly  38  m sec/item .

3. T he  y -in tercep t in te rpo la ted  from positive r e s p o n s e s  is abou t 400  m sec .

4. W hen  re s p o n s e  ty p e s  a re  eq u ip ro b ab le , positive r e s p o n s e s  a re  m ad e  

approx im ate ly  40  m se c s  fa s te r  th an  n eg a tiv e  r e s p o n s e s .

S te rn b e rg  (1969b) h a s  p ro p o se d  th a t ta s k  p e rfo rm an ce  involves a  nu m b er 

of seria l s ta g e s  which c a n  b e  identified a n d  e n u m e ra te d  th rough  additive factor 

m ethodology . T his m ethod  is b a s e d  on th e  a ssu m p tio n  th a t RT c a n  be  

d e c o m p o s e d  into a  nu m b er of s tochastica lly  in d ep e n d e n t s ta g e s ,  th e  in fluences
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of w hich c a n  b e  a s s e s s e d  using  a n a ly s is  of va riance .

P ie te rs  (1983) d e sc r ib e d  four p ro p ertie s  for th e s e  s ta g e s :  (1) for a n y  input, 

ou tpu t is u n affec ted  by fac to rs  th a t influence its duration ; (2) e a c h  s ta g e  is a  

functional entity th a t is qualitatively a n d  psychologically  d ifferent from o th e r 

s ta g e s ;  (3) e a c h  s ta g e  ca n  p ro c e s s  only o n e  signal a t a  tim e; (4) s ta g e  du rations 

a re  s tochastica lly  in d ep e n d e n t. S te rn b e rg  (1969a) p o s tu la te d  four s ta g e s  for 

his item -recognition  ta sk  (F igure 1): stim ulus enco d in g , seria l co m p ariso n , 

b inary  d ec is io n , a n d  tran sla tio n  a n d  re s p o n s e  o rgan ization .

Stimulus- Binary
Decision

Stimulus  
Encodi ng

Serial
Comparison

Translation 
& Response 

Organization
-^Response

Figure 1. S te rn b e rg 's  s ta g e  m odel of item  recognition

In th e  m em ory  scan n in g  task , th e  s lope  of th e  RT function reflects th o se  

a s p e c ts  of th e  ta s k  which c h a n g e  system atica lly  with in c re a s e s  in th e  s ize  of th e  

positive  s e t  a n d  is a  m e a su re  of th e  ra te  a t which seria l co m p ariso n  p ro c e s s e s  

in ac tive  m em ory  a re  m ade . T he s lope  h a s  th u s  b e e n  u s e d  a s  a  m e a su re  of the  

ra te  of inform ation p ro cess in g . T he in tercep t e s tim a te  of th e  RT function reflects 

th o s e  a s p e c ts  of th e  ta sk  which a re  com m on  to  all trials. S te rn b e rg  included 

stim u lus en co d in g , binary dec is ion , tran sla tio n , a n d  re s p o n s e  o rgan ization  a s  

s ta g e s  e n c o m p a s s e d  by th is  m e a su re . S a n d e rs  (1980), b a s e d  upon  a  review
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of th e  RT literature, in c re a se d  the  num ber of s ta g e s  to  six: stim ulus 

p rep ro c e ss in g , fea tu re  ex traction , identification, r e s p o n s e  ch o ice , re sp o n se  

p rogram m ing , a n d  m otor ad ju s tm en t, e ssen tia lly  dividing S te rn b e rg 's  first a n d  

last s ta g e s  into tw o distinct s ta g e s .

T he m em ory  scan n in g  p ro ced u re  h a s  p roved  usefu l in d ocum en ting  

cognitive slow ing in a  w ide variety  of d iso rd e rs . Clinical popu la tions  

dem o n stra tin g  slow ing of th e  ra te  of inform ation p ro ce ss in g  a s  e s tim a ted  by 

s lo p e  m e a s u re s  include: P a tie n ts  with P a rk in so n ’s  d is e a s e  (W ilson, K azniak, 

K law ans, & G arron , 1980); a p h a s ic s  (Sw inney & Taylor, 1971; W arren , 

H ubbard , & Knox, 1977); re ta rd e d  su b je c ts  (D ugas & K ellas, 1974; H arris & 

F leer, 1974; M aisto & Je ro m e , 1977; Merrill, 1985; M osley, 1985; Phillips & 

N ettlebeck , 1984); norm al su b je c ts  taking b e n z o d ia z e p in e  hypno tics  or 

b a rb itu ra te s  (S u b h a n  & H indm arch, 1984; W illiams, R undell, & L andg rave , 

1981); a lcoho lics (M ohs, T inklenberg , Roth, & Kopell, 1979); K orsakoff p a tien ts  

(N aus, Laird, C erm ak , & D e Luca, 1977); p a tie n ts  with Friedrich’s  a tax ia  (Hart, 

K w entus, L eshner, & Frazier, 1985); m ultiple sc le ro s is  (R ao, St. A ubin-Faubert, 

& Leo, 1989); or HIV infection (Hart, W ad e , Klinger, & H am er, 1990).

Clinical pop u la tio n s  for which only in te rcep t d iffe ren ces  from norm al con tro ls 

h av e  b e e n  found include: P a ran o id  a n d  n o n -p aran o id  sch iz o p h ren ic s  

(H ighgate-M aynard  & N eufeld, 1986; Koh, S zo c , & P e te rso n , 1977; M arusarz  & 

Koh, 1980; N eufeld, 1977; W ishner, S tein , & P a e s tre l, 1978); cultural-familially
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re ta rd e d  ch ildren  (S ilverm an, 1974); a n d  p a tie n ts  with affective d iso rd e rs  (Koh 

& W olpert, 1983).

M any re s e a rc h e rs  have  su g g e s te d  tha t th e  etiology of th is  slow ed  ra te  of 

inform ation p ro ce ss in g  is d a m a g e  to white m atter. H art, K w entus, L esh n er, an d  

F raz ie r (1985) h a v e  a s so c ia te d  slow ed  ra te s  of inform ation p ro cess in g  with 

subcortica l deficits in a  d e p re s s e d  sam p le , while R ao, Leo, H augh ton , St. 

A ub in -F aubert, a n d  B ernard in  (1989) im plicated  d im in ished  c o rp u s  ca llo sum  

cap ac ity  in p a tie n ts  with multiple sc le ro sis . C lo sed  h e a d  injury is frequently  

a s s o c ia te d  with diffuse axonal injury a ttribu ted  to sh earin g  fo rces , a n d  W ilson, 

W iedm ann , H adley , C ondon , T e a sd a le , a n d  Brooks (1988), using  m agnetic  

re s o n a n c e  im aging , h av e  p ro p o se d  th a t d e e p  s tru c tu re  ab n o rm alitie s  a re  

resp o n sib le  for th e  slow ed  ra te s  of inform ation p ro cess in g  in th e s e  pa tien ts . 

H ead  Iniurv a n d  th e  R a te  of inform ation P ro cess in g

S e n io r  a n d  T w eedy  (1984 ,1986 ) e v a lu a te d  mild h ead -in ju red  a d u lts  within 

48 h o u rs  of th e ir  injury a n d  ag a in  a fte r  o n e  m onth , using  a  letter m em ory  

scan n in g  ta sk . H ead-in ju red  p a tien ts  a t initial tes tin g  d e m o n s tra te d  significantly 

s low er scan n in g  ra te s  th an  con tro ls. This w a s  in te rp re ted  a s  reflecting th e  

vulnerability of cen tra l com p ariso n  p ro c e s s e s  to  h e a d  injury, while th e  lack of a  

significant in te rcep t d ifference  b e tw een  th e  tw o g ro u p s  reflec ted  th e  relative 

integrity of se n so ry -p e rc e p tu a l, decision -m ak ing , a n d  ou tpu t p ro c e s s e s . O n e  

m onth  a fte r injury, th e  b e tw een -g ro u p  d iffe rences  w ere  no longer significant.

H aut, P e tro s , F rank , an d  Lam berty (1990) c o m p a red  th e  p e rfo rm an ce  on
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m e a s u re s  of short-term  m em ory of tw elve se v e re  c lo se d  head -in ju red  p a tien ts  

(loss of c o n s c io u s n e s s  g re a te r  th an  five d ay s) o n e  y e a r  o r m ore  post-injury with 

norm al m a tc h ed  contro ls. Significant d iffe ren ces  w ere  found b e tw e en  th e  

g ro u p s  on  a  letter m em ory scann ing  task , indicating th a t th e  sev ere ly  h ead - 

injured su b je c ts  re sp o n d e d  m ore slowly th an  did contro ls. T he  CHI g roup  had  

both significantly g re a te r  m ean  s lo p e  a n d  in tercep t v a lues.

S h u m , M cF arland , Bain, a n d  H um phreys (1990) e m p lo y ed  S te rn b e rg 's  

additive fac to r m ethodology  (S te rn b erg , 1969b) to e v a lu a te  th e  im pact of CHI 

upon four inform ation p ro cess in g  s ta g e s : fea tu re  ex traction , identification, 

r e s p o n s e  se lec tio n , a n d  m otor ad ju stm en t, a s  m e a su re d  by signal quality, 

signal sim ilarity, s ig n a l-re sp o n se  com patibility, a n d  fo reperiod  uncertain ty , 

respective ly . T his study  utilized a  v isuospatia l four-choice reac tion  tim e ta sk  in 

which su b je c ts  w ere  requ ired  to  p re s s  the  r e s p o n s e  button ind ica ted  by th e  

d irection  of an  arrow . H ead-in ju red  su b je c ts  w ere  divided into th re e  g ro u p s: 

mild (G C S > 13); chron ic  s e v e re  (G C S<9, >1 y e a r  post-injury); a n d  su b a c u te  

s e v e re  (G C S < 9, <1 y e a r  post-injury). A s all v a riab les  s e rv e d  to  function 

additively with re sp e c t to  overall RT, th e  au th o rs  a rg u e d  th a t a  seq u en tia l m odel 

of inform ation p ro c e ss in g  with four in d ep e n d e n t s ta g e s  a d e q u a te ly  d e sc r ib e d  

p a tien t a n d  contro l g roup  p e rfo rm ance. C o m p ariso n s  a c ro s s  head -in ju red  

g ro u p s  s u g g e s te d  th a t s e v e re  CHI p a tien ts  in th e  su b a c u te  p h a s e  w ere  

im paired  on identification a n d  re s p o n s e  se lec tion  an d  th a t th e  difficulty with
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identification d im in ished  with tim e, leaving im pairm ent on only th e  r e s p o n s e  

se lec tio n  s ta g e  during th e  chron ic  p h a se . T he  mild h ead -in ju red  g ro u p  sh o w ed  

no deficits in an y  of th e  four inferred s ta g e s .

T h e s e  s tu d ie s  ind ica te  tha t mild CHI p a tien ts  e x p e rien c e  a  slow ing in the  

ra te  of cen tra l c o m p a riso n s  with relative sparing  of th e  s p e e d  of se n so ry - 

p e rcep tu a l, decision -m ak ing , a n d  ou tpu t p ro c e s s e s . T h e s e  la tte r c o m p o n e n ts  

a re  not in sensitive  to  s e v e re  head-in jury  but do  not s e e m  v u lnerab le  to m ilder 

insu lts. A q u e s tio n  th a t h a s  not b e e n  a d d re s s e d  in th is reg ard  is th e  relative 

specificity of th is effect. T he slow ed  com p ariso n  p ro c e s s e s  in CHI m ay be  

v iew ed e ith e r a s  being  specific  to  th e  a c c e s s in g  of th e  m em ory  sy s te m  in th e  

m em ory  scan n in g  ta sk , o r a s  a  reflection of a  g e n e ra l slow ing of all ra te -re la ted  

p ro c e s s e s . If th e  slow ing is specific  to  th e  m em ory  sy s te m , th en  d e la y e d  

identity-m atching  ta s k s  su ch  a s  th e  m em ory scan n in g  p ro ce d u re  w ould 

d e m o n s tra te  s low ed  ra te s  of p ro ce ss in g  a s  e s tim a te d  by s lo p e  functions, while 

s im u lta n e o u s  identity-m atching  ta s k s  w ould sh o w  no s lo p e  d iffe ren ces  b e tw een  

h ead -in ju red  a n d  control su b jec ts . If, how ever, slow ed  scan n in g  ra te s  a re  a  

m an ifesta tion  of a  g e n e ra l dim inution in the  ra te  of inform ation p ro ce ss in g , all 

ra te -re la ted  ta s k s  shou ld  d e m o n s tra te  d iffe ren ces  in re s p o n s e  tim es  b e tw een  

head -in ju red  a n d  control su b jec ts . F u rtherm ore , if slow ing is a ttribu tab le  to  

tra u m a-in d u c e d  c h a n g e s  in so m e  cen tra l ra te-m ain ta in ing  m ec h a n ism , th en  

g re a te r  ta sk  com plexity  shou ld  resu lt in g re a te r  slow ing in re s p o n s e  tim es.
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R atio n a le

T h e  cu rren t s tudy  so u g h t to  a s s e s s  th e  relative im pact of a c u te  mild h e a d  

injury u p o n  th e  ra te  of inform ation p ro cess in g  in a  n u m b er of different cognitive 

sy s te m s  by eva lua ting  a c u te  mild c lo se d  head -in ju red  a n d  norm al su b je c ts  on 

nine reac tion  tim e ta sk s . C o n so n a n ts , n u m b ers , w ords, a n d  p a tte rn s  w ere  u se d  

in e igh t ta s k s  for v isual identity-m atching with com p ariso n  s e ts  of stimuli. Two of 

th e s e  ta s k s  p re s e n te d  c o n so n a n t a n d  pa tte rn  stimuli for d e la y e d  identity- 

m atching  with prev iously  lea rn ed  co m p ariso n  s e ts . Two ta s k s  u s e d  w ords and  

n u m b ers  to  e v a lu a te  s p e e d  of p ro cess in g  for sub trac tion  a n d  ca tego riza tion  

tran sfo rm ations. T h e s e  four ta s k s  w ere  m atch ed  with four control cond itions 

th a t w ere  identical to  th e  ta s k s  a b o v e  ex c ep t th a t th e  stimuli (c o n so n a n ts , 

p a tte rn s , n u m b ers , a n d  w ords) w ere  p re s e n te d  for s im u ltan eo u s  m atch ing  with 

co m p ariso n  s e ts .  A ninth ta sk  utilized a  sim ple reaction  tim e p ro ce d u re  to 

ev a lu a te  th e  influence of different leng ths of m otor s e q u e n c e s  on th e  ra te  a t 

w hich th e s e  s e q u e n c e s  a re  p rog ram m ed .

If slow ing in th e  ra te  of cen tra l com p ariso n  p r o c e s s e s  in CHI su b je c ts  is 

specific  to th e  m em ory  scan n in g  p ro ce d u re  th en  su c h  su b je c ts  shou ld  

d e m o n s tra te  significant s lo p e  in c re a s e s  relative to  co n tro ls  on  d e la y e d  identity- 

m atch  ta sk s . A lternatively, if a  g e n e ra l m ech an ism  is re sp o n sib le  for th is 

slow ing, any  d e la y e d  o r s im u lta n e o u s  ta sk  w ould be  e x p e c te d  to  show  

significant b e tw e en -g ro u p  s lo p e  d iffe rences. F u rtherm ore , th e  d e g re e  of 

slow ing shou ld  b e  p red ic ted , in part, by th e  level of com plexity  of th e  ta sk
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involved. T ransfo rm ation  ta s k s  shou ld  p ro d u ce  g re a te r  s lo p e  d iffe ren ces  th an  

d e la y e d  identity-m atching  which in turn  sh o u ld  p ro d u ce  g re a te r  d iffe ren ces  th an  

s im u lta n e o u s  identity-m atching. T he  cognitive a s p e c t  of th e  m otor r e s p o n s e  

itself w a s  a s s e s s e d  u sing  a  ta sk  which varied  m otor s e q u e n c e  leng ths. T he 

s iz e  of b e tw e en -g ro u p  d iffe ren ces  for in te rcep t m e a s u re s  w ould ind ica te  the  

ex ten t to  which se n so ry -p e rc e p tu a l, d ec ision -m ak ing , a n d  ou tpu t p ro c e s s e s  a re  

ren d e re d  vu lnerab le  to  th e  e ffec ts  of mild h e a d  injury.

H y p o th e se s

1. A cute  mild c lo se d  h e a d  injury p ro d u c e s  slow ed  reaction  tim es: m ean  

re s p o n s e  tim es  on all ta s k s  for mild CHI su b je c ts  will b e  significantly g re a te r  

th a n  th o s e  of control su b jec ts .

2. T he  s low ed  reac tion  tim es  found following a c u te  mild c lo se d  h e a d  injury 

a re  a  resu lt of a n  in c re a se  in th e  ra te  of cen tra l co m p ariso n  p ro c e s s e s :  s lo p e  

e s tim a te s  of mild CHI su b je c ts  will b e  significantly g re a te r  th an  th o se  of control 

su b je c ts  on e a c h  task .

3. A cute mild c lo se d  h e a d  injury s p a re s  p eriphera l s ta g e s  su c h  a s  sen so ry - 

p e rc e p tu a l, re s p o n s e  se lec tio n , an d  re s p o n s e  execu tion : no significant 

d iffe ren ces  will b e  found b e tw e en  th e  in tercep t e s tim a te s  of th e  mild CHI a n d  

control su b je c ts  on e a c h  ta sk .

4. T h e  slow ing in th e  ra te  of inform ation p ro ce ss in g  following a c u te  mild 

c lo se d  h e a d  injury is g e n e ra l, an d  not specific  to  a  particu lar cognitive sy s tem : 

significant b e tw e en -g ro u p  d iffe ren ces  in s lo p e  e s tim a te s  will b e  found on all 

ta sk s .
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METHOD

Subjects

S u b je c ts  w ere  13 mild c lo se d  head -in ju red  (CHI) p a tien ts  (4 fem a les ; 9 

m ales) a n d  13 m a tc h ed  con tro ls, all a g e d  b e tw e e n  18 an d  37 y e a rs . T he 

pa tien t g ro u p  w a s  co m p rised  of c o n sec u tiv e  a d m iss io n s  for mild h e a d  injury to 

th e  E m erg en cy  Room  of th e  City H ospital C en te r  a t E lm hurst, N ew  York who 

w ere  su b se q u e n tly  tra n sfe rred  to  th e  D ep artm en t of N eu rosu rgery  for 

o b se rv a tio n  a n d  evaluation . E ach  h a d  e x p e rie n c e d  a  d o c u m e n te d  lo ss  of 

c o n s c io u s n e ss  of le s s  th an  20 m inu tes a s  a  resu lt of their injury a n d  w ere  te s te d  

within 72  h o u rs  of adm ission . P a tie n ts  w ere  ex c lu d ed  from th e  s tudy  if they  

w ere  u n d e r th e  in fluence of d ru g s  an d /o r  a lcohol a t  th e  tim e of exam ination  o r 

h ad  o n e  o r m ore  of th e  following: a  G lasgow  C o m a  S ca le  rating on adm ission  

of le s s  th an  13; x-ray ev id en ce  of skull fractu re; C T  o r MRI ev id e n c e  of focal 

brain lesion; history of neuro logic  o r psych ia tric  dysfunction . L o ss  of 

c o n s c io u s n e s s  a n d  c o m a  sc a le  criteria  w ere  u s e d  for classify ing th e  h e a d  injury 

a s  mild b e c a u s e  of their com m on u s a g e  a n d  c o n s is te n t de te rm ina tion  a t  the  

tim e of hosp ita l adm ission . X-ray ev id en ce  of skull fractu re , a lthough  not 

uncom m on  in mild h e a d  injury, led to  pa tien t exclusion  a s  m ore  s e v e re  brain 

injury cou ld  not b e  ruled out. Similarly, CT o r MRI e v id e n c e  of focal injury would 

s u g g e s t  a  level of injury severity  b ey o n d  th e  mild ran g e . S u b je c ts  with prior 

neuro log ical o r p sych iatric  h isto ries  o r th o s e  u n d e r  th e  influence of m ed ications
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a t th e  tim e of tes ting  w ere  a lso  exc luded  to m inimize th e  confounding  e ffec ts  of 

th e s e  cond itions upon RT.

C ontrol su b je c ts  w ere  vo lu n tee rs  from  th e  N ew  York City a r e a  who w orked  

in sim ilar o ccupationa l se ttin g s  to  th e  pa tien ts  in th e  study. T h e se  su b je c ts  w ere 

recru ited  by se ek in g  vo lu n tee rs  from sim ilar w ork-sites, or th rough  a sso c ia tio n  

(friends or c o lle ag u e s)  with a  head-in ju red  sub jec t. T hey  w ere  m atc h ed  

su b jec t-b y -su b jec t with th e  mild CHI p a tien ts  for a g e , sex , y e a rs  of education , 

a n d  occupation . No control su b jec t had  a  history of neuro logical or psychiatric  

dysfunction  o r u se d  m ed ications a t th e  tim e of tes tin g . T he d em o g rap h ic  

c h a ra c te r is tic s  of th e  control a n d  CHI su b je c ts  a re  d e sc rib e d  in T ab le  1.

Procedure

E ach  ex perim en ta l s e s s io n  involved th e  p rese n ta tio n  of n ine ta sk s . E ach  task , 

( s e e  T ab le  2) w a s  d e s ig n e d  to e v a lu a te  th e  ra te  of inform ation p ro cess in g  for a  

d ifferent ta sk  d e m a n d  (m otor output, d iscrim ination, w orking m em ory , 

su b trac tio n , o r ca tego riza tion ) a n d  stim ulus condition (co n so n a n ts , n u m b ers , 

w ords, or p a tte rn s). T he m atching ta s k s  (2 th rough  9) w ere  b a s e d  on a  

p arad igm  in w hich trials co n sis t of com paring  a  p robe  stim ulus with a  s e t  of 

co m p ariso n  stimuli. T he S im u ltan eo u s  Identity-M atching ta s k s  w ere  d e s ig n e d  

to  s e rv e  a s  control cond itions for th e  D elayed  a n d  T ransform ation  ta sk s . T he 

control ta s k s  w ere  identical to  their D elayed  a n d  T ransform ation  c o u n te rp a rts  

ex cep t th a t th e  p ro b e  a n d  com p ariso n  stimuli a p p e a re d  concurren tly  on the
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Closed Head Injured Subjects Control Subjects

Age Educat. Occup.* Age Educat. Occup.
(yrs) Sex (yrs.) Class Trauma (yrs.) Sex (yrs.) Class

CH11. 21 Male 15 6 Assault N 14. 21 Male 15 6
CHI 2. 25 Female 16 1 MVA N 15. 25 Female 16 1
CHI 3. 31 Male 12 3 Fall N 16. 31 Male 12 3
CHI 4. 18 Male 12 6 Assault N 17. 18 Male 12 6
CHI 5. 37 Male 10 2 MVA N 18. 35 Male 10 2
CHI 6. 25 Male 12 5 Fall N 19. 25 Male 12 5
CHI 7. 31 Female 12 4 MVA N 20. 31 Female 12 4
CHI 8. 19 Female 13 6 Fall N 21. 19 Female 13 6
CHI 9. 23 Male 12 2 Assault N 22. 23 Male 12 2
CHI 10. 19 Male 13 6 Assault N 23. 19 Male 13 6
CHI 11. 19 Male 13 6 Assault N 24. 19 Male 13 6
CHI 12. 22 Female 12 4 Assault N 25. 22 Female 12 4
CHI 13. 28 Male 14 4 MVA N 26. 28 Male 14 4

Mn 24.46 12.77 24.30 12.77
SD 5.82 1.54 5.48 1.54

* Occupational Classes:
1 * Professional & technical workers 4 -  Operatives, service workers
2 » Managers, clerical & sales workers 5 -  Laborers
3 -  Craftsmen and foremen 6 -  Students

s c re e n  a n d  su b je c ts  w ere  to  d e te rm in e  w h e th e r or not p ro b e s  m atc h ed  item s in 

th e  co m p ariso n  se t. D elayed  Identity-M atch ta s k s  involved p re se n ta tio n  of 

p robe  trials a fte r  so m e  d e lay  following offset of th e  co m p ariso n  stimuli. T he 

T ransfo rm ation  ta s k s  involved co n cu rren t p ro b e  a n d  c o m p ariso n  stimuli but 

requ ired  su b je c ts  to  transform  th e  p robe  in so m e  w ay, i.e. ca tego riza tion  or 

sub trac tion . T h e s e  ta s k s  s h a re d  identical m otor ou tpu t req u irem en ts  in th e  form
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T ab le  2. T a s k s  identified by a b b re viation, s tim u lus u se d , a n d  prim ary cognitive 
p ro c e s s  a s s e s s e d .

Task Abbreviation Stimulus Process

1. Motor programming Motor Star Motor program
Simultaneous Identity-Matches

2. Consonant Consonant SIM Consonant Visual Discrimination
3. Pattern Pattern SIM Pattern Visual Discrimination
4. Number Number SIM Number Visual Discrimination
5. Word Word SIM Word Visual Discrimination

Delayed Identity-Matches
6. Consonant Consonant DIM Consonant Working Memory
7. Pattern Pattern DIM Pattern Working Memory

Transtormation Matches
8. Subtraction Identity Subtraction Number Arithmetic
9. Class Exemplar

Categorization Categorization Word Semantic processing

of p re ss in g  "Yes" o r "No" keys, while th e  M otor P rogram m ing  ta s k  involved 

c h a n g e s  in th e  com plexity  of th e  su b je c ts ' m otor output.

F igure 2 p re s e n ts  th e  tem p la te  upon  which th e  flow c h a r ts  for th e  nine ta s k s  

a re  b a s e d  (figures 3  th rough  7). T he co m p o n e n ts  which a re  un ique  to  e a c h  

flow c h a rt a re  su rro u n d e d  with d a rk e n e d  b o rd e rs  to  c o n tra s t th em  with th o se  

w hich a re  s h a re d  by all flow c h a rts  (i.e. th e  tem p la te ). A s th e  tem p la te  ind ica tes 

all ta s k s  include a  to n e  p resen ta tio n  to  initiate e a c h  block of trials, th e  

p rese n ta tio n  of p ro b e  stim ulus (a c u e  stim ulus in th e  c a s e  of th e  M otor task ), 

a n d  so m e  form  of re s p o n s e  m ad e  by the  sub jec t. This cycle  is co n tin u ed  until 

all trials within e a c h  se t  s ize  block h av e  b e e n  p re se n te d .
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All trials 
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Figure 2. Tem plate for task flow charts.



M otor P rogram m ing  T ask

In th is ta sk  ( se e  Fig. 3), su b jec ts  w ere  tau g h t th ree  k ey -p re ss  s e q u e n c e s  o r se ts . 

Unlike th e  o th e r  ta sk s , th re e  fingers a n d  th re e  key s w ere  utilized. S u b jec ts  

p lac e d  th e  index, m iddle, a n d  ring fingers of their p re fe rred  h an d  on th re e  

specified  co m p u te r keys: "J", "K", an d  "L" for th e  right hand ; "S", "D", an d  "F" for 

th e  left han d . T he o n e -k e y -p re ss  w as  e x e cu te d  with th e  index finger (e.g."J"); 

th e  tw o -k ey -p ress  s e q u e n c e  w a s  e x e c u te d  with th e  index finger follow ed by the  

ring finger (e .g . "J" th e n  "L"); a n d  th e  th re e -k e y -p re ss  s e q u e n c e  w a s  e x e cu te d  

with th e  index finger, followed by the  ring finger an d  th en  th e  m iddle finger (e.g. 

"J" th en  "L" th en  "K"). E ach  k ey -p re ss  s e q u e n c e  w as  d e m o n s tra te d  to  the  

sub jec t, followed by th e  pe rfo rm ance  of ten  p rac tice  trials. E xperim enta l trials 

c o n s is te d  of th e  su b je c t execu ting  th e  requ ired  k e y -p re ss  s e q u e n c e  e a c h  tim e a  

s ta r  c u e  a p p e a re d , until 45  co rrec t trials h ad  b e e n  co m p le ted . E ach  block of 

p rac tice  a n d  experim en ta l trials w a s  followed by th e  d e m o n stra tio n  a n d  testing  

of th e  next k e y -p re ss  s e q u e n c e  until all th re e  s e q u e n c e s  h ad  b e e n  com ple ted . 

R eaction  tim es, m e a su re d  from th e  o n se t of th e  s ta r  c u e  until th e  execu tion  of 

th e  first k e y -p re ss  in e a c h  s e q u e n c e  (i.e. th e  "J" key), w ere  rec o rd e d  for e ach



Learn motor set |

Kegs (r ight hand)

Motor Sets
All t r ia ls  
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Cue s tim ulus  
removed 

Delay from 
0.5  -  1.0 secs.

Figure 3. Flow chart for the motor programming task.
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G e n e ra l P ro c e d u re s  for O th er T a sk s

T he  following g e n e ra l p ro c e d u re s  app lied  to  all ta s k s  ex c ep t M otor 

P rogram m ing . T he top  third of th e  m onitor s c re e n  c o n ta in ed  a  centrally  

d e lin e a te d  s e t  a re a  in which co m p ariso n  s e ts  w ere  d isp layed . T he s ize  of the  

s e t a re a  c h a n g e d  from ta sk  to ta sk  d ep en d in g  upon  th e  s iz e  of th e  stimuli, but 

rem a in ed  c o n s ta n t during e a c h  task . T he m iddle third of th e  s c re e n  d isp lay ed  a  

sm alle r  d e lin e a te d  p ro b e  a re a  lo ca ted  centrally , in w hich p ro b e  item s w ere  

p re se n te d . T he  s ize  a n d  location of th e  p robe  a re a  rem a in ed  u n c h a n g e d  

th roughou t the  experim en t.

E ach  ta s k  c o n s is te d  of four b locks of 24  trials e a c h , with e a c h  block 

beginning  with th e  p re se n ta tio n  of a  new  com p ariso n  se t. C o m p ariso n  s e ts  

varied  in s iz e  from o n e  to four stimuli. For th e  d e la y e d  identity-m atch  ta s k s  

th e s e  s e ts  w ere  rem oved  prior to  p robe  p resen ta tio n , but for all o th e r  ta s k s  they  

rem a in ed  on  th e  sc re e n . T he  beginn ing  of e a c h  block w a s  signa lled  by a  

1 ,000  Hz w arning  to n e  of o n e  se c o n d  duration , followed by a  2  s e c o n d  delay. 

O n e a c h  trial a  p ro b e  stim ulus w a s  p re s e n te d  an d  rem a in e d  visible until th e  

su b jec t m a d e  a  re sp o n se . S u b je c ts  re s te d  th e  index a n d  m iddle fingers  of their 

p re fe rred  h a n d  on two a d ja c e n t key s on th e  keyboard : "N" a n d  "M" for right- 

h an d  p refe rred  su b jec ts ; a n d  "C" an d  "V" for left-hand p refe rred  su b jec ts . T h e se  

se rv e d  a s  "yes" an d  "no" re s p o n s e  keys with th e  left of th e  two k ey s  indicating a  

"yes" re s p o n s e  a n d  th e  right key indicating a  "no" re sp o n se . T h ere  w a s  an
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intertrial interval, random ly varied  from 0 .5  to 1 s e c o n d , to  inhibit su b je c ts  from 

deve lop ing  a  rhythm ic pa tte rn  of respond ing . A 30  se c o n d  interval in te rv en ed  

b e tw een  b locks of trials. S u b jec ts  w ere  requ ired  on e a c h  trial to  ind ica te  

w h e th e r or not th e  p ro b e  w a s  a  m em b e r of th e  c o m p ariso n  s e t  by p re ss in g  the  

"yes" o r "no" key. S u b jec ts  w ere  in structed  to  re sp o n d  upon  p ro b e  p resen ta tio n  

"as  quickly a s  p o ss ib le  without m aking any  erro rs"  (S e e  A ppendix A for sub jec t 

instructions) a n d  "yes" o r "no" r e s p o n s e s  w ere  co rrec t equally  often . C ho ice  

reaction  tim es, m e a s u re d  in m illiseconds from  th e  o n se t of th e  p robe  stim ulus to 

th e  execu tion  of th e  k ey -p re ss , w ere  reco rd ed  by th e  c o m p u te r  for e a c h  trial. 

Individual k e y -p re s se s  w ere  rec o rd e d  to  perm it la te r g e n e ra tio n  of a c cu ra cy  and  

e rro r s c o re s .

S u b je c ts  perfo rm ed  two p rac tice  b locks, e a c h  of ten  trials, a t th e  beginning  

of e a c h  ta sk  to fam iliarize th em  with ta sk  requ irem en ts . P rac tice  b locks utilized 

co m p ariso n  s e ts  of s ize  o n e  a n d  th re e  with p ro b e s  d raw n from stimuli th a t had  

not b e e n  included  in th e  experim en ta l s e t pools. In all o th e r  re s p e c ts , p ractice  

tria ls w e re  c o n d u c te d  in th e  s a m e  m an n e r a s  experim en ta l trials. Individual 

p rac tice  b locks w ere  re p e a te d  if ac cu ra cy  w a s  below  90% .

D ue to  its com plex  m otoric req u irem en ts , th e  M otor P rogram m ing  T ask  w as  

p e rfo rm ed  first by all su b jec ts . T he rem ain ing  e ight ta s k s  w ere  pe rfo rm ed  in 

p a irs  b a s e d  upon  th e  type  of stim ulus involved. T h u s  th e  tw o ta s k s  using  

c o n s o n a n ts  w ere  p re s e n te d  consecu tive ly , a s  w ere  th e  p a tte rn , num ber, a n d
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w ord ta sk s . T h e  o rd e r  of pa ired  ta s k s  a n d  th e  o rd er of ta s k s  within e a c h  pair 

w ere  random ly  d e te rm in ed  by co m p u te r  (T able 3).

T ab le  3. E x am p les  of ta sk  ordering .

Order Example 1 Example 2 Example 3 Example 4

1 Motor Motor Motor Motor
2 Consonant DIM Number SIM Word SIM Pattern DIM
3 Consonant SIM Subtraction Categorization Pattern SIM
4 Pattern SIM Consonant SIM Subtraction Categorization
5 Pattern DIM Consonant DIM Number SIM Word SIM
6 Number SIM Word SIM Pattern DIM Consonant DIM
7 Subtraction Categorization Pattern SIM Consonant SIM
8 Categorization Pattern DIM Consonant DIM Number SIM
9 Word SIM Pattern SIM Consonant SIM Subtraction

S im u ltan eo u s  Identitv-M atch T a s k s

C o n so n a n t: N um ber: W ord: P a tte rn

For th e s e  ta s k s  th e  c o m p ariso n  s e t  for e a c h  block rem ain ed  p re se n t on th e  

sc re e n  during p ro b e  p re se n ta tio n . S u b jec ts  w ere  requ ired  to  ind ica te  w h e th e r 

or not th e  p ro b e  stim ulus w a s  physically  th e  s a m e  a s  any  o n e  of th e  m em b e rs  of 

th e  co m p ariso n  se t. T h e  flow of trials for th e  c o n so n a n t, w ord, a n d  pa tte rn  ta sk s  

a re  outlined  in figure 4 a n d , e x c ep t for th e  stimuli involved, th e  ta s k  d e m a n d s  

a re  identical in all re s p e c ts . T he  flow ch a rt figu res give e x a m p le s  of com parison  

se t  stimuli for a  s e t  s ize  of tw o item s, with positive a n d  nega tive  p ro b e s  for 

c o n so n an t (A), pa tte rn  (B), a n d  w ord (C) stimuli.
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F igure 4  . Flow c h a rt for s im u ltan eo u s  identity-m atch ta sk s : C o n so n an t (A), 

P a tte rn  (B), W ord (C), a n d  C la s s  e x em p la r ca teg o riza tio n  (D).



T he n u m b er ta sk  (F igure 5 A) differed from th e s e  o th e rs  only in th a t m ultiple 

com p ariso n  s e ts  w ere  u se d  at e a c h  s e t  size . This w a s  n e c e s s a ry  in o rder to 

k e e p  th e  tw o num ber ta s k s  (N um ber SIM a n d  S ubtrac tion), a s  sim ilar a s  

possib le . This resu lted  in th e  p rese n ta tio n  of tw elve co m p ariso n  s e ts  of s ize  

o n e , six s e ts  of s ize  tw o, four s e ts  of s iz e  th re e , a n d  th re e  s e ts  of s ize  four. 

S u b jec ts  w ere  a le r te d  to  c h a n g e s  in th e  com p ariso n  n u m b ers  by th e  se t 

flashing on  a n d  off for a  period of two s e c o n d s  prior to  th e  con tinuation  of p robe 

p resen ta tio n .

D elaved  Identitv-M atch T a sk s

C o n s o n a n t

S te rn b e rg ’s  (1969) fixed -se t item  recognition p ro ce d u re  ( s e e  figure 6) w as  

u se d . S u b jec ts  w ere  show n  s e ts  of o n e  to four c o n s o n a n ts  an d  a s k e d  to 

m em orize them . After correctly  reciting th e  m em ory se t  both fo rw ards an d  

b a c k w ard s  following its rem oval, th e  s e t  a re a  w a s  c le a re d  a n d  a  block of 24 

tria ls w a s  perfo rm ed . S u b jec ts  w ere  requ ired  to  d e te rm in e  w h e th e r o r not the  

p robe  letter w a s  a  m em b er of th e  m em orized  se t. After th e  com pletion  of e a c h  

block, a  new  se t  w as  p re s e n te d  for m em orization  until all four s e ts  h ad  b e e n  

te s ted .

Pattern
T his ta sk  differed from  th e  d e la y e d  c o n so n a n t ta s k  both in its u s e  of pa ttern  

stimuli a n d  in the  adop tion  of a  v a ried -se t item  recognition p ro ced u re . In this, 

th e  co m p ariso n  se t  w a s  p re s e n te d  prior to  e a c h  trial within th e  block (figure 7).
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G iven th e  com plexity  of th e  pa tte rn  stimuli a n d  th e  difficulty in d em o n stra tin g  

a d e q u a te  learn ing  of th e  positive s e t  prior to e a c h  block, th e  varied  se t 

p ro ce d u re  perm itted  equ iva len t e x p o su re  of stimuli to  all su b je c ts  prior to  e a ch  

trial. No d iffe ren ces  hav e  b e e n  found for m ean  re s p o n s e  tim es  of individuals 

w ho h av e  rece iv ed  both  th e  fixed-se t a n d  v a ried -se t p ro c e d u re s  (S te rn b erg , 

1975). S u b je c ts  initiated e a c h  trial by p ress in g  th e  s p a c e  b a r  on th e  k eyboard  

with th e  n o n -p re ferred  hand . O n th is signal, th e  s e t  a re a  c le a re d , followed by a  

o n e  s e c o n d  d e lay  a n d  p resen ta tio n  of a  p robe.

T ransform ation  T a sk s

S u b trac tion  Identity-M atch

S u b je c ts  w ere  p re s e n te d  with co m p ariso n  s e ts  of two-digit n u m b ers  which 

rem a in ed  d isp layed . T h e  su b je c t 's  ta s k  w a s  to  ind ica te  w h e th e r  o r not th e  

p robe  n u m b er w a s  th re e  le s s  th an  an y  o n e  of th e  d isp lay ed  n u m b ers  ( s e e  

figure 5 (B)). To p rev en t th e  m em orization  of co rrec t re s p o n s e s , a n d  th u s  the  

ex ecu tio n  of an  identity-m atch , th e  co m p ariso n  s e t  w a s  c h a n g e d  upon 

com pletion  of positive  a n d  nega tive  p ro b e s  for e a c h  s e t  of v a lu e s  a s  d e sc rib ed  

for the  N um ber SIM. F or exam ple , a  com p ariso n  se t  of two n u m b ers , 26  a n d  54, 

a re  d isp lay ed  on  th e  sc re e n . After two positive p ro b e s  (23 a n d  51) a n d  two 

nega tive  p ro b e s  (28 a n d  53) a re  p re s e n te d , th e  c o m p ariso n  se t  is c h a n g e d  to  

a n o th e r  two n u m b ers , 77  a n d  39, which flash for a  period  of tw o s e c o n d s  an d  

a re  th en  te s te d  with p ro b es .
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C la ss  E xem plar C a tego riza tion

T his ta s k  w a s  th e  s a m e  a s  th e  W ord SIM ta s k  e x c ep t th a t th e  w ords in th e  

co m p ariso n  se t  re p re se n te d  ca te g o ry  n a m e s  (e.g . an im als , fruits), while p robe  

w ords se rv e d  a s  ca te g o ry  ex em p lars  (e.g . b ea r, lim e)(see  figure 3 D). The 

su b je c t 's  ta s k  w a s  to ind ica te  w h e th e r o r not th e  w ord w a s  an  ex em p lar of any 

o n e  of th e  d isp lay ed  c a te g o rie s .

Apparatus and Stimuli

Stim ulus ordering , p re se n ta tio n , a n d  d a ta  collection w ere  perfo rm ed  using  

an  IBM XT co m p u te r  eq u ip p e d  with a  s ta n d a rd  g re e n  d isp lay  monitor. 

R e s p o n s e s  w ere  m a d e  on th e  IBM keyboard . All ta s k s  w ere  p ro g ram m ed  using 

M icrosoft Q uickbasic , version  4.5.

Stimuli for ta s k s  o n e  th rough  eigh t w ere  d raw n  from  four poo ls  of visually 

p re s e n te d  item s w hich c o n s is te d  of num bers, c o n s o n a n ts , w ords, a n d  pa tte rn s . 

Stimuli w ere  a s s ig n e d  to e ith e r a  positive co m p ariso n  s e t  of p ro b e s  to which a  

"yes" r e s p o n s e  shou ld  be  m ad e , o r a  negative  co m p ariso n  s e t  to  which a  "no" 

re s p o n s e  shou ld  b e  m ade .

N um bers

N um bers  w ere  random ly  a s s ig n e d  by co m p u te r to  positive an d  nega tive  s e ts  

for ta s k  2 (S im u ltaneous N um ber) an d  ta sk  7 (Sub traction) from a  pool of 63 

two-digit n u m b ers  which rem ain ed  afte r all two-digit n u m b ers  which te rm in a ted  

in 0, 1, an d  2 had  b e e n  rem oved . T h e se  n u m b ers  w ere  ex c lu d ed  in o rd e r  to 

avoid  so lu tions to  th e  S ub trac tion  Identity-M atch ta s k  th a t c ro s s  th e  d e c a d e  

divisions, th e re b y  involving an  arithm etic  carrying opera tion .
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Consonants
T w enty o n e  c o n s o n a n ts  w ere  u se d  a s  com p ariso n  stimuli in ta s k s  1 an d  5 

(S im u ltan eo u s  a n d  D elayed  C o n so n a n t Identity-M atch). Nc vow els w ere  

included , in o rd e r  to  red u c e  th e  likelihood of g en e ra tin g  p ro n o u n ce a b le  w ords. 

S e ts  of o n e , tw o, th re e , a n d  four c o n so n a n ts  w ere  random ly g e n e ra te d  by 

com puter. T h e s e  s e ts  w ere  th en  ex am in ed  for th e  p re s e n c e  of any  g roup ings 

th a t re se m b le d  w ords. S u ch  g roup ings c a n  p ro d u ce  d isp roportionate ly  fast 

reac tion  tim es. W hen  th e s e  w ere  found, th e  s e t  w a s  re jec ted  an d  a  new  se t  w as  

g e n e ra te d .

W ords

Forty eigh t w ords w ere  se le c te d  from ten  of th e  21 c a te g o rie s  included  in the  

H ow ard (1979) ca teg o ry  norm s, for u s e  a s  th e  positive p ro b es  for ta s k s  3  a n d  8 

(S im u ltan eo u s  W ord Identity-M atch a n d  C la s s  E xem plar C ategoriza tion ). A 

s e c o n d  pool of 48  w ords d raw n  from  all c a te g o rie s  w ere  u s e d  a s  th e  nega tive  

p ro b es . T he  positive p ro b e  w ords w ere  m atc h ed  a s  closely  a s  p o ss ib le  with 

th o se  of n eg a tiv e  p ro b e  w ords for length a n d  c a teg o ry -asso c ia tio n . This 

re su lted  in e a c h  w ord s e t  contain ing  o n e  3 -le tter word, four 4 -le tte r w ords, th re e  

5 -le tter w ords, tw o 6 -le tter w ords, an d  two 7-le tter w ords. It w a s  n e c e s s a ry  to 

u s e  so m e  stimuli d raw n from  com p ariso n  se t c a te g o rie s  a s  nega tive  p robe  

w ords. H ow ever, th e s e  w ords w ere  n e v e r u s e d  a s  n ega tive  p ro b es  w h ere  th e  

ca te g o ry  w a s  a  m em b er of th e  com parison  se t. For exam p le , th e  w ord "giraffe" 

(draw n from th e  ca te g o ry  "Animal" u se d  in s e t  s ize  on e) is u s e d  a s  a  negative  

p robe  w ord for s e t  s ize  two w h ere  the  com p ariso n  se t  c a te g o rie s  a re  "Insect"
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a n d  "Flower". T he ten  c a te g o rie s  defining co m p ariso n  se t  m em b ersh ip  an d  the  

w ords se le c te d  a s  positive a n d  nega tive  p ro b es , with their frequency  of 

a sso c ia tio n  m e a s u re s , a re  listed  in A ppendix B.

P a tte rn s

A pool of 20 p a tte rn s  ( s e e  A ppendix C), e a c h  consisting  of five filled ce lls  of 

a  3x3  m atrix, w ere  u se d  a s  stimuli for ta s k s  4 a n d  6 (S im u ltaneous an d  D elayed  

P a tte rn  Identity-M atch). T he stimuli w ere  c h o se n  from a  larger pool of random ly 

g e n e ra te d  p a tte rn s , b a s e d  upon  their a p p a re n t dissim ilarity from  e a c h  o th er and  

from  easily  verba lizab le  form s.

Statistical Analysis

M ean s a n d  s ta n d a rd  d ev ia tio n s  of r e s p o n s e  la te n c ie s  for co rrec t r e s p o n s e s  

to  positive a n d  n eg a tiv e  p ro b e s  w ere  c o m p u ted  for e a c h  su b jec t. L east s q u a re s  

linear re g re ss io n  w a s  u s e d  to  fit individual linear functions to  th e  m ean  

r e s p o n s e s  a t e a c h  se t s ize s . S lo p e  a n d  in tercep t coeffic ien ts of th e s e  linear 

functions for e a c h  su b jec t w ere  u se d  a s  th e  d e p e n d e n t v a riab le s  in th e  

sta tis tica l a n a ly se s . For M atch ta sk s , m ean  s lope  an d  in te rcep t e s tim a te s  w ere 

e a c h  su b je c ted  to a  2 x 2 (G roup x P robe) m ixed an a ly s is  of v a rian ce  with 

P ro b e  a s  a  re p e a te d  m ea su re . S e v e n  2 x 2 x 2  (G roup x T ask  x P robe) 

a n a ly s e s  of v a ria n ce  w ere  perfo rm ed  add ing  T a sk  a s  a n o th e r  re p e a te d  

m e a s u re  to  c o m p a re  SIM ta sk s , DIM ta sk s , T ransform ation  ta sk s ; a n d  e a c h  of 

th e  SIM ta s k s  with th e ir co rrespond ing  DIM or T ransform ation  ta sk s . Error d a ta  

a n a ly s is  w a s  limited to evaluation  of b e tw een  g ro u p -d iffe ren ces  on e a c h  ta s k  

with d e p e n d e n t T -tes ts .



42

RESULTS 

Analysis of Error Data

Few  e rro rs  w ere  m ad e  by su b je c ts  on any  of th e  nine ta s k s  a n d  no 

significant d iffe ren ces  in overall a v e ra g e  e rro r ra te  w ere  found b e tw een  CHI 

a n d  norm al su b je c ts  (2 .05%  vs. 1.77% ). For th e  CHI g roup, a v e ra g e  e rro r ra te s  

ran g e d  from  a  low of 0 .4%  on  th e  M otor ta sk  to  a  high of 3 .36%  on th e  N um ber 

SIM task . N orm al su b je c ts  ran g e d  from a  low ra te  of 0 .23%  on th e  M otor ta sk  to 

a  high of 3 .29%  on th e  N um ber SIM task . D ue to  th e  g e n e ra l paucity  of e rro rs  

an d  th e  lack of b e tw een -g ro u p  d iffe ren ces , no further e rro r a n a ly s is  w a s  

u n d e rta k e n .

Analyses of Slope and Intercept Estimates

Prior to th e  derivation of s lope  a n d  in tercep t e s tim a te s , m ea n  la te n c ie s  of all 

co rrec t r e s p o n s e s  for all su b jec ts  a t e a c h  co m p ariso n  se t  s iz e  w ere  ev a lu a te d  

with polynom ial te s ts  of o rd e r (S ysta t) to  e s tab lish  th a t th e  se t s ize  effect w a s  

b e s t d e sc r ib e d  by a  linear function in e a c h  task . T he resu lts  of th e s e  te s ts  a re  

listed in A ppendix D. M ean re s p o n s e  la ten c ie s  a t e a c h  of th e  co m p ariso n  se t  

s iz e s  w ere  su b je c te d  to lea s t s q u a re s  linear re g re ss io n  to  g e n e ra te  s lo p e  an d  

in tercep t e s tim a te s  for e a c h  su b jec t on e a c h  ta sk . T h e s e  e s tim a te s  w ere  th en  

se p a ra te ly  a n a ly s e d  for e a c h  ta sk  using  an a ly s is  of v a ria n ce  ( s e e  A ppendix E). 

Of th e  significant in teraction  e ffec ts  included  in th e  append ix , only th o se  which 

d ifferen tia te  b e tw e en  th e  tw o g ro u p s  will b e  d e sc r ib e d  below . T ab le  4  sh o w s
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m ean  s lo p e  a n d  in tercep t e s tim a te s  for th e  CHI a n d  norm al g ro u p s  com bining 

d a ta  from co rrec t trials for positive a n d  n eg a tiv e  p ro b es . T he v a lu e s  for s lope  

a n d  in te rcep t e s tim a te s  in th is tab le  d ev ia te  slightly from  th e  re g re ss io n  

e q u a tio n s  d isp lay ed  in figures 8 th rough  16. T his is b e c a u s e  th e  v a lu e s  in the  

tab le  a re  a v e ra g e s  of reg re ssio n  c o m p o n e n ts  fitted to  individual su b jec t m ean  

re s p o n s e  tim es, while th e  e q u a tio n s  d isp lay ed  in th e  figures re p re s e n t b e s t fits 

to  th e  g ro u p  m ean  re s p o n s e  tim es. S lope  a n d  in te rcep t e s tim a te s  for e a c h  ta sk  

c a n  b e  found  in A ppendix F.

T ab le  4. M e an s  of s lo p e  a n d  interc e p t e s tim a te s  for th e  mild CHI an d  norm al 
a ro u o s  a v e ra o e d  a c ro s s  positive  a n d  n eg a tiv e  p ro b es .

Slope
(msec/item)

Intercept
(msec)

Group: CHI Normal P - CHI Normal P-

Motor Programming 136.61 61.19 .023 601.56 646.81 .547
Simultaneous Identity-Match

Consonant 78.43 33.85 <.001 315.86 364.19 .098
Pattern 152.85 75.94 .001 293.80 435.54 .011
Number 111.19 97.47 .163* 401.54 259.37 <001
Word 141.64 43.95 .001 277.59 311.64 .512

Delayed Identity-Match
Consonant 76.86 33.13 <.001 303.15 364.64 .038
Pattern 104.61 66.33 .001 342.75 329.05 .534

Transformation
Subtraction 205.10 145.04 .141* 797.26 328.70 .011
Categorization 422.33 50.09 < 001 363.21 500.79 .188

* Significant slopes differences found for negative probe trials.
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Motor P rogramming TasK (Fig. 8). 

Slopes

M ean s lo p e  e s tim a te s  w ere  significantly g re a te r  (t(24) = 2 .50 , p= .02) for the  

CHI g roup  (136.61 m secs/item ) than  for norm als (61.19 m secs/item ), indicating 

th a t CHI su b je c ts  h a v e  a  slow er ra te  of m otor program m ing than  their control 

co u n te rp a rts .

In te rcep ts

No significant d iffe ren ces  in in tercep t e s tim a te s  w ere  found b e tw e e n  th e  two 

g ro u p s, indicating th a t they  do  not differ in th e  tim e tak e n  to  e x e cu te  th e  

se n so ry , p e rc e p tu a l, a n d  m otor p ro c e s s e s  involved in th is  task .

S im u lta n e o u s  Identitv-M atch T a sk s  fFios. 9 th rough 121 

S lopes

M ean s lo p e  e s tim a te s  w ere  significantly g re a te r  for CHI th an  norm al 

su b je c ts  on  e a c h  of th e  C o n so n a n t (£(1 ,24) = 22.13, p < .0 0 1 )(see  Figure 9),

W ord (E (1 .24) = 15.96 , p = .0 0 1 )(see  Figure 11), an d  P a tte rn  ta s k s  (£(1 ,24)

= 14 .02 , p = .0 0 1 )(se e  F igure  12), indicating th a t on e a c h  of th e s e  ta s k s  th e  ra te s  

a t w hich CHI su b je c ts  perform  cen tra l co m p ariso n  p ro c e s s e s  w e re  significantly 

s low er th a n  th o se  of norm al sub jec ts. T h e re  w a s  no overall s lo p e  d ifference 

b e tw e e n  th e  tw o g ro u p s  on th e  N um ber ta sk , implying equ iva len t ra te s  of 

inform ation p ro ce ss in g  for CHI a n d  norm al su b je c ts  on  th is task . H ow ever, 

th e re  w a s  a  significant G roup  x P robe  in teraction (£ (1 ,24) = 5 .11 , p= .033), which
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ind ica ted  a  slow er p ro ce ss in g  ra te  for th e  CHI g roup  th an  th e  norm al g roup  on 

neg a tiv e  p robe  trials (CHI: 140.2 vs. Norm al: 111.4 m secs/item ) (Fig. 10b) but 

not for positive p ro b es  (CHI: 83 .5  vs. Norm al: 83 .58  m secs/item ) (Fig. 10a). 

Significant G roup  x P ro b e  in terac tions w ere  a lso  found on th e  o th e r 

s im u ltan eo u s  identity-m atch ta sk s , with b e tw een -g ro u p  d iffe ren ces  in th e  ra te  of 

cen tra l co m p ariso n  p ro c e s s e s  g re a te r  for positive th an  n eg a tiv e  p ro b e  s lo p e s  

on  the  C o n so n a n t (E(1,24) =4 .21 , p= .05) a n d  P a tte rn  (E (1 ,24) =4 .51 , p=.044) 

ta sk s , an d  n ega tive  g re a te r  th an  positive on th e  W ord (E (1 ,24) =5 .45 , p= .028) 

task .

In te rcep ts

T here  w ere  significant d iffe ren ces  in in te rcep t e s tim a te s  b e tw een  th e  two 

g ro u p s  on th e  P a tte rn  (E (1 ,24) =7 .50 , p = .0 1 1) a n d  N um ber ta s k s  (E (1,24) 

= 18 .55 , p< .001). W hile CHI su b je c ts  w ere  significantly s low er th an  no rm als 

(401 .54  vs. 2 5 9 .3 7  m se c s )  in perform ing se n so ry -p e rc e p tu a l a n d  m otor 

p r o c e s s e s  on  th e  N um ber ta sk , they  w ere  significantly fa s te r  th an  control 

su b je c ts  (293 .80  vs. 4 3 5 .5 4  m se c s)  on th e  P a tte rn  task . A significant G roup x 

P ro b e  in teraction  (£(1 ,24) =6 .41 , p= .018) w a s  found for p e rfo rm an ce  on the  

C o n so n a n t ta sk  with b e tw een -g ro u p  in tercep t d iffe ren ces  g re a te r  for positive 

(CHI: 278 .0 3  vs. Control: 3 5 0 .8 7  m se c s)  th an  n ega tive  p robe  tria ls (CHI: 353 .69  

vs. Control: 377.51 m secs).
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Figure 8. M ean reaction  tim e for co rrec t r e s p o n s e s  a s  a  function of com p ariso n  

s e t  s ize  on  th e  M otor P rogram m ing task .
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Figure 9. M ean reaction  tim e for co rrec t r e s p o n s e s  a s  a  function of com parison  

s e t  s iz e  on th e  C o n so n a n t SIM task .
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Figure 10. M ean reac tion  tim e for co rrec t re s p o n s e s  on  (a) positive  p ro b e s  an d  

(b) n eg a tiv e  p ro b e s  a s  a  function of co m p ariso n  s e t  s ize  on  th e  N um ber SIM 

task .
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Figure 11. M ean reaction  tim e for co rrec t r e s p o n s e s  a s  a  function of 

co m p ariso n  se t  s ize  on  th e  W ord SIM task .
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Figure 12. M ean reaction  tim e for co rrec t r e s p o n s e s  a s  a  function of 

com p ariso n  se t s ize  on th e  P a tte rn  SIM task .
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C o m p a riso n s  B etw een  SIM T a sk s

S lo p e s

All m ain e ffec ts  w ere  significant: G roup  (E (1,24) = 23.90 , p< .001); P robe  

(£ (1 .24) = 5 .51 , p= .027); an d  T a sk  (E(3,72) =7.76, p< .001) with s lo p e  e s tim a te s  

g re a te r  for CHI than  norm al su b je c ts , a n d  for negative  th an  positive p ro b e  trials, 

a n d  differing b e tw e en  th e  four ta sk s . A significant tw o-w ay in teraction  for T ask  x 

G roup  (£ (3 ,72) = 6 .44 , p= .001) sh o w ed  that, while both  g ro u p s  sh o w ed  the  least 

c h a n g e s  in s lo p e  on th e  c o n so n an t ta sk  (Norm al: 34  a n d  CHI: 78  m secs/item ), 

th ey  differed in th e  d e g re e  to which th e  o th er th re e  ta s k s  p ro d u ced  s lope  

in c re a se s . For th e  norm al su b jec ts , ra te s  of co m p ariso n  p ro c e s s e s  w ere  

slo w est for N um ber (97 m secs/item ), fa s te r  for P a tte rn  (76 m secs/item ), an d  

fa s te s t  for th e  W ord (44 m secs/item ) task . CHI su b je c ts  p ro d u ced  th e  s low est 

ra te s  on the  P a tte rn  ta sk  (152 .5  m secs/item ), fa s te r  for W ord (141 .5  m secs/item ), 

a n d  fa s te s t  for N um ber (111 m secs/item ). T he significant T ask  x P ro b e  x G roup 

in terac tion  (E(3,72) = 5 .52 , p= .002) ind ica ted  th a t th e s e  b e tw een -g ro u p  

d iffe ren ces  a c ro s s  th e  four ta s k s  a lso  differed with re sp e c t to  positive an d  

n eg a tiv e  p ro b e  trials, with no c le a r  tren d  ev ident.

In te rcep ts

T h ere  w a s  a  significant m ain effect for P ro b e  (E (1 ,24)= 11.307, p= 0.003) with 

in te rcep t e s tim a te s  on all ta s k s  g re a te r  for nega tive  (342 m se c s )  th an  positive 

p robe  trials (323 m se c s). A significant T ask  x G roup  in teraction (E(3,24)=  10.33,



p< .001) ind ica ted  tha t norm al an d  CHI su b je c ts  differed in th e ir in te rcep ts  

a c ro s s  th e  four ta sk s . T he tim e taken  to perform  th e  p eriphera l p ro c e s s e s  

e n c o m p a s s e d  by th e  in tercep t in norm al su b je c ts  in c re a se d  in m agn itude  from 

N um ber (260 m se c s)  an d  W ord (312 m se c s)  to C o n so n a n t (365 m se c s)  a n d  

P a tte rn  (436 m se c s ), while tha t of CHI su b je c ts  in c re a se d  from  W ord (278 

m se c s)  a n d  P a tte rn  (294 m se c s )  to  C o n so n a n t (316 m se c s )  a n d  N um ber (402 

m secs).

D elaved  Identitv-M atch T a sk s  (Fios. 13 an d  141

S lo p e s

M ean s lo p e  e s tim a te s  for CHI su b je c ts  w ere  significantly g re a te r  th an  th o se  

for n o rm als  on both  C o n so n a n t (£ (1 ,24) = 25 .92 , p < .0 0 1 )(se e  F igure  13) a n d  

P a tte rn  ta s k s  (E(1,24) = 14 .85 , p = .0 0 1 )(see  F igure 14), indicating th a t th e  ra te  a t 

w hich cen tra l com p ariso n  p r o c e s s e s  a re  m ad e  in m em ory  is s low er for CHI than  

norm al su b jec ts . A significant P ro b e  by G roup in teraction  (E (1,24) = 6.32, 

p= .019) w a s  found  for th e  C o n so n a n t ta sk , with a  g re a te r  se p a ra tio n  of th e  

g ro u p s  for nega tive  (CHI: 8 3 .7 9  m sec /item  vs. Norm al: 30.31 m sec/item ) th an  for 

positive (CHI: 69 .93  m sec/item  vs. Norm al: 3 5 .9 4  m sec/item ) p robe  trials.
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Figure 13. M ean reaction  tim e for co rrec t r e s p o n s e s  a s  a  function of 

co m p ariso n  s e t  s ize  on th e  C o n so n a n t DIM task .
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P a tte rn  DIM task .
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In te rcep ts

A significant b e tw een -g ro u p  d ifference  w a s  found on th e  C o n so n a n t ta sk  

(E (1,24) = 4 .84 , p= .038), indicating th a t CHI su b je c ts  (303 .15  m se c s)  took le ss  

tim e th an  no rm als  (364 .64  m se c s)  to  e x e c u te  th e  periphera l se n so ry -p e rc e p tu a l 

an d  m otor p ro c e s s e s  in th is task . A significant G roup  by P ro b e  in teraction 

(£(1 .24) = 4 .33 , p= .048) w a s  a lso  found, reflecting a  g re a te r  d ifference  b e tw een  

co rrec t 'Y es ' a n d  'No' re s p o n s e s  for norm als (40 m se c s )  th an  CHI su b je c ts  (9 

m se c s). No significant b e tw een -g ro u p  in te rcep t d iffe ren ces  w ere  found on  the  

P a tte rn  task .

C o m p a riso n s  B etw een  DIM T a sk s

S lo p e s

A co m p ariso n  of th e  tw o d e la y e d  identity-m atch ta s k s  sh o w ed  a  significant 

m ain effect only for G roup  (£(1 ,24) = 36 .69 , p< .001), reflecting th e  slow er ra te  of 

inform ation p ro ce ss in g  in th e  CHI g roup  co m p a red  to  norm als. T he  a b s e n c e  of 

o th e r significant m ain e ffec ts  o r in te rac tions s u g g e s ts  th a t p e rfo rm an ce  on the  

two ta s k s  w a s  sim ilar b e tw een  e a c h  group.

In te rcep ts

A significant T ask  (E (1 ,24 )= 4 .901 , p=0.037) m ain effect a n d  T ask  x G roup 

(£ (1 ,24)= 5 .257 , p= 0.031) in teraction  d e m o n s tra te d  th a t, while th e  in tercep t 

e s tim a te s  w ere  g re a te r  for p a tte rn s  th an  c o n so n a n ts , th e  C o n so n a n t ta sk  

p ro d u ced  a  g re a te r  d ifference  b e tw e en  th e  g ro u p s  in th e  tim e tak en  to  e x e cu te
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periphera l p r o c e s s e s  (C o n so n an t: 364  (norm al) vs. 303  (CHI) m se c s ; P a ttern : 

329  (norm al) vs. 343  (CHI) m se c s).

C o m p a riso n s  B etw een  DIM a n d  SIM T a sk s

S lo p e s

For th e  two C o n so n a n t ta s k s  a  significant m ain effect for G roup  

(£ (1 ,24)= 29 .519 , p< .001) confirm ed th a t CHI su b je c ts  h a d  g re a te r  s lo p e  

e s tim a te s  a n d , th ere fo re , s low er ra te s  of p ro cess in g  th an  norm als. T h e  only 

o th e r significant effect w a s  th e  T ask  x P ro b e  x G roup (£ (1 ,24)=10 .367 , p=0.004) 

in teraction . O n th e  C o n so n a n t SIM ta s k  both  CHI a n d  norm al su b je c ts  

p ro d u ced  g re a te r  s lo p e  e s tim a te s  for positive th an  nega tive  p ro b e  trials. This 

p a tte rn  w a s  a lso  found in th e  p e rfo rm an ce  of no rm als on th e  d e la y e d  c o n so n a n t 

ta sk , bu t w a s  re v e rse d  for CHI su b jec ts . This m e a n s  th a t th e  ra te s  of cen tral 

co m p ariso n  p ro c e s s e s  for th e  CHI g roup  a re  slow er for "No" th an  "Yes" 

r e s p o n s e s  w hen  th e  p robe  is c o m p a re d  with the  co m p ariso n  s e t  in m em ory , but 

s low er for "Yes" th an  "No" r e s p o n s e s  w hen  th e  c o m p a riso n s  a re  s im u ltan eo u s.

C o m p a riso n s  b e tw een  P a tte rn  SIM a n d  DIM ta s k s  y ielded  significant m ain 

e ffec ts  for G roup  (£ (1 ,24)=23 .756 , p< .001) a n d  T ask  (£ (1 ,24)=6.255, p=.020) 

show ing  slow er p ro cess in g  ra te s  for CHI th an  norm al su b je c ts , a n d  for 

s im u lta n e o u s  (114 m secs/item ) th an  d e la y e d  (85 m secs/item ) ta sk s . No 

significant in te rac tions  w ere  found.
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Intercepts

Significant d iffe ren ces  w ere  found for G roup  (£ (1 ,24)= 6 .378 , p< .019) an d  

T ask  x P ro b e  x G roup  (£ (1 ,24)=8.185, p= 0.009). O n the  C o n so n a n t SIM task , 

no rm als h a d  nega tive  p robe  trial in te rcep ts  approx im ately  20  m se c s  g re a te r  

th an  positive p ro b e  trials, while CHI su b je c ts  sh o w ed  an  e v e n  g re a te r  

se p a ra tio n  (76 m se c s), m ean ing  th a t CHI su b je c ts  took  p roportionately  longer 

th an  norm als to m ake  a  co rrec t "No" th an  "Yes" re sp o n se . O n th e  C o n so n a n t 

DIM ta sk , a lthough  norm al su b je c ts  sh o w e d  th is s a m e  tren d  to  a  g re a te r  d e g re e , 

with 40 m se c  d ifference, th e  CHI g roup  sh o w ed  no d ifference  b e tw e en  positive 

a n d  n eg a tiv e  trials.

For th e  P a tte rn  SIM a n d  DIM ta s k s  significant e ffec ts  w ere  found for G roup 

(£ (1 ,24 )= 5 .267 , p= .031), T ask  (£ (1 ,24)= 5 .234 , p= .031), an d  T a sk  x G roup 

(£ (1 ,24)=7.568, p = .0 1 1). T h e se  findings reflect th e  g re a te r  tim e tak en  for CHI 

su b je c ts  to  perform  sen so ry -p erc e p tu a l an d  m otor p ro c e s s e s  u n d e r th e  d e la y e d  

m atch ing  condition while no rm als took longer to perform  s im u lta n e o u s  identity 

m atch es .

T ransform ation  T a sk s  (Figs. 15 an d  16)

Slpp££
CHI su b je c ts  h ad  significantly g re a te r  (£ (1 ,24) = 42 .47 , p< .001) s lo p e  

e s tim a te s , a n d  slow er p ro cess in g  ra te s , on th e  C ategoriza tion  ta sk  th an  

no rm als (CHI: 422 .3 3  vs. Norm al: 50 .09  m secs/item ) (se e  F igure 15). W hile no 

G roup  m ain effect w a s  found on th e  S ub trac tion  ta sk , th e re  w a s  a  significant
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G roup  by P ro b e  in teraction  (£(1 ,24) = 16.14 , p= .001). T he ra te  a t w hich cen tra l 

c o m p a riso n s  involving sub trac tion  o c c u rred  w ere  significantly s low er for 

nega tive  (F ig.16b) (CHI: 269.41 vs. Norm al: 165 .17  m secs/item ) th an  positive 

(F ig .16a) (CHI: 140 .78  vs. Norm al: 124.91 m secs/item ) p ro b e  trials.

In te rcep ts

A significant b e tw een -g ro u p  d ifference  (£(1 ,24) = 7 .50 , p = .0 1 1) w a s  found for 

in tercep t e s tim a te s  on th e  S ub trac tion  ta sk , with CHI su b je c ts  (797 m se c s)  

tak ing  longer th an  no rm als (328 .70  m se c s )  to perform  p eriphera l se n so ry - 

p e rcep tu a l a n d  m otor p ro c e s s e s . No b e tw een -g ro u p  m ain effect w a s  found for 

th e  C a tego riza tion  ta sk , but a  significant P ro b e  by G roup  in teraction  (£ (1 ,24) 

= 6 .20 , p= .020) reflec ted  th e  g re a te r  b e tw een -g ro u p  d iffe ren ces  for positive 

(CHI: 86 m s e c s  vs. Norm al: 496  m se c s)  th an  nega tive  p ro b e  trials (CHI: 506  

m se c s  vs. N orm al: 640  m secs).

C o m p a riso n s  b e tw een  T ransfo rm ation  T a sk s  

Slopes
Significant d iffe ren ces  b e tw een  th e  S ub trac tion  a n d  C a teg o riza tio n  ta s k s  

w ere  found for th e  G roup (£(1 ,24) = 47 .61 , p < .001 ), a n d  T ask  m ain e ffec ts  

(£ (1 ,24) = 19 .63 , p< .001) indicating th a t th e  ra te s  of inform ation p ro ce ss in g  w ere  

s lo w er for CHI th an  norm als, a n d  for C a tego riza tion  th an  S ub trac tion . T he 

G roup  by T ask  in teraction  (£(1 ,24) = 17 .04 , p< .001) reflec ted  a  g re a te r  b e tw een - 

g roup  d iffe rence  in s lo p e  e s tim a te s  indicating th a t th e  C ateg o riza tio n  (372 .2  

m secs/item ) ta sk  slow ed  p ro cess in g  ra te s  to  a  g re a te r  d e g re e  th an  th e  

S ub trac tion  ta sk  (60.6 m secs/item ).
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co m p ariso n  se t  s ize  on  th e  C ategoriza tion  task .
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In te rcep ts

Significantly g re a te r  in te rcep ts  (£ (1 ,2 4 )= 1 1.822, p= 0.002) w ere  found on th e  

S ub trac tion  ta sk  (563 m se c s)  c o m p a re d  to  th e  C ategoriza tion  ta s k  (432  m se c s), 

a n d  trials for nega tive  p ro b e s  (543 m se c s )  w ere  g re a te r  (E (1 ,24)= 6 .136 , 

p = 0 .0 2 1 ) th an  positive p ro b es  (452 m se c s). Significant T ask  x G roup  

(£ (1 ,24 )= 10 .036 , p= 0 .004) a n d  T ask  x P ro b e  x G roup  (E (1 .24)= 6.604, p= 0.017) 

in te rac tions  ind ica ted  th a t th e  b e tw een -g ro u p  d iffe ren ces  in th e  tim e tak en  to 

e x e c u te  se n so ry -p e rc e p tu a l a n d  m otor p ro c e s s e s  w ere  not only g re a te r  for 

"Yes" th an  "No" r e s p o n s e s  but a lso  g re a te r  for th e  S ub trac tion  th an  

C ateg o riza tio n  task .

C o m p a riso n s  B etw een  T ransfo rm ation  an d  SIM T a sk s

SlQPfiS

F or th e  two n u m b er ta sk s , s lo p e  e s tim a te s  w ere  significantly g re a te r  for 

S ub trac tion  th an  N um ber SIM (£ (1 ,24)= 4 .882 , p= .037), a n d  for n eg a tiv e  th an  

positive p robe  trials (£ (1 ,24)=52 .122 , p< .001). T he  significant T a sk  x P ro b e  x 

G roup  (£ (1 ,24)=5.600, p= .026) in teraction  sh o w e d  that, not only w a s  th e  ra te  at 

which th e  CHI g ro u p  pe rfo rm ed  cen tra l c o m p a riso n s  involving sub trac tion  

significantly s low er th an  th a t of no rm als on n eg a tiv e  an d  not positive trials, but 

tha t th is d ifference  w a s  g re a te r  th an  w hen  th e  ta sk  involved s im u ltan eo u s  

m atch ing  of n um bers .

C om paring  th e  ca tego riza tion  ta sk  a n d  w ord SIM ta s k s , significant



62

d iffe rences w ere  found for G roup (£ (1 ,24)=37 .107 , p c .0 0 1 ), T ask  

(£ (1 ,24)=69 .670 , p< .001), a n d  T ask  x G roup  (£ (1 ,24)=42 .586 , p< .001) show ing 

th e  large  d ifference in th e  CHI g roup  b e tw een  th e  ra te s  a t which cen tral 

c o m p a riso n s  involving ca tego riza tion  (422 .3  m secs/item ) a n d  s im u ltan eo u s  

m atch ing  of w ords (141 .6  m secs/item ) o ccu rred , in c o n tra s t to  the  sm all 

d ifference  for th e  norm al g roup  (50.1 vs. 4 3 .9 5  m secs/item ).

In tercep ts

A nalysis of in tercep t e s tim a te s  for S ub trac tion  an d  N um ber SIM rev ea led  

only significant main e ffec ts  for G roup  (£ (1 ,24 )= 11.404, p= .002) a n d  T ask  

(E (1 ,24 )= 7 .441 , p= .012) reflecting the  overall g re a te r  tim e to e x e c u te  se n so ry - 

p e rc e p tu a l a n d  m otor p ro c e s s e s  during th e  S ub trac tion  ta sk  c o m p a re d  to 

N um ber SIM, a n d  for CHI su b je c ts  co m p a red  to  norm als.

O n th e  w ord ta sk s , C a tegoriza tion  an d  W ord SIM, significant d iffe rences 

w ere  found for P robe  (E (1,24)=12.315, p= .002), P ro b e  x G roup  (£ (1 ,24 )= 6 .787 , 

p= .016), an d  T ask  x P ro b e  x G roup  (£ (1 ,24)=5.557, p= .027). T he a b s e n c e  of 

a n y  significant d iffe ren ces  b e tw e en  th e  CHI a n d  norm al g ro u p  in th e  tim e tak en  

to perform  se n so ry -p e rc e p tu a l a n d  m otor p ro c e s s e s  on th e  W ord SIM ta sk , is 

c o n tra s te d  h e re  with p e rfo rm an ce  on th e  C ategoriza tion  ta sk  w h ere  th e  two 

g ro u p s  differed d ram atically  (CHI: 86 m se c s  v s  norm al: 496  m se c s)  in th e  tim e 

to  e x e c u te  th e s e  p eriphera l p ro c e s s e s  w hen  correctly  identifying a  p ro b e  word 

a s  an  ex em p lar of a  m em b er of th e  co m p ariso n  se t.
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S um m ary  of S lope  a n d  In tercep t E stim ate  A naly ses

S lo p e s

CHI su b je c ts  sh o w ed  significantly g re a te r  s lo p e  e s tim a te s  th an  con tro ls  for 

all ta s k s , reflecting a  slow ing in th e  ra te  at w hich cen tra l co m p ariso n  p r o c e s s e s  

w ere  m ad e . For s e v e n  of th e  nine ta s k s  th e s e  d iffe ren ces  w ere  for re s p o n s e s  

on both positive a n d  nega tive  trials. For th e  N um ber SIM a n d  S ub trac tion  ta sk s  

th e  d ifference  w a s  significant only for s lo p e  e s tim a te s  of n ega tive  p robe  trials.

In te rcep ts

No d iffe ren ces  in in tercep t e s tim a te s  w ere  found on five of th e  n ine ta sk s : 

M otor P rogram m ing , C o n so n a n t SIM, W ord SIM, P a tte rn  DIM, a n d  

C ategoriza tion . This in d ica tes  th a t th e  two g ro u p s  did not differ in th e  tim e tak en  

to e x e c u te  th e  periphera l se n so ry -p e rc e p tu a l an d  m otor p ro c e s s e s  involved in 

th e s e  ta sk s . O n two of th e  nine ta sk s , P a tte rn  SIM an d  C o n so n a n t DIM, th e  

b e tw e en -g ro u p  d iffe ren ces  re a c h e d  sign ificance  but th e s e  in te rcep ts  w ere  

sm alle r for th e  CHI su b je c ts  th an  norm als. O n th e  rem aining two ta sk s , N um ber 

SIM an d  S ub trac tion , th e  CHI g roup  p ro d u ced  significantly g re a te r  in te rcep ts , 

a n d  so  longer periphera l p ro ce ss in g  tim es, th an  their norm al c o u n te rp a rts .
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DISCUSSION

W hile slow ing of reaction  timing is a  com m on  finding following c lo se d  h ead  

injury, th e  partitioning of RT p e rfo rm a n c es  into s lo p e  a n d  in tercep t c o m p o n e n ts  

pe rm its  fu rther evaluation  of th e  differential effect of a c u te  mild h e a d  injury upon 

th e  p ro ce ss in g  s ta g e s  a s so c ia te d  with th e s e  e s tim a te s . S te rn b e rg  (1969a) h a s  

identified a t le a s t four d istinct p ro cess in g  s ta g e s  (stim ulus en co d in g , seria l 

co m p ariso n , binary d ec is ion , a n d  tra n s la tio n /re sp o n se  o rgan iza tion ) in th e  

pe rfo rm an ce  of his item  recognition task , upon  w hich th e  nine ta s k s  in th is  study  

a re  b a s e d . S lope  e s tim a te s  m e a su re  th o se  a s p e c ts  of e a c h  ta s k  which c h a n g e  

from  trial to  trial, a n d  reflect th e  ra te  a t which th e  cen tra l co m p ariso n  p ro c e s s  is 

perfo rm ed . In tercep t e s tim a te s  reflect th e  tim e tak e n  to  perform  th e  m ore 

p e rip h era l (with re sp e c t to  th e  co m p ariso n  s ta g e )  p ro c e s s e s  of e a c h  ta sk  which 

a re  relatively c o n s ta n t o r s ta b le  a c ro s s  trials, su ch  a s  s tim u lus encod ing , 

d ec is ion -m ak ing , a n d  re s p o n s e  execu tion .

T he  a c u te  mild CHI p a tien ts  in th is s tudy  w ere  found to  h av e  significantly 

s te e p e r  s lo p e s  th an  norm al su b je c ts  on all ta sk s , reflecting a  slow ing in th e  ra te  

a t w hich th ey  p ro c e s s  inform ation within a  nu m b er of different cognitive 

sy s te m s . This reduction  in p ro cess in g  ra te , th ere fo re , is not specific  to  o n e  

sy s te m , but reflec ts  a  g lobal slow ing of behavior. T he fact th a t th e  s lo p e  

in c re a s e s  w e re  not a c co m p a n ie d  by significant in c re a s e s  in in te rcep t v a lu e s  on 

s e v e n  of th e  nine ta s k s  s u g g e s ts  th a t th e  slow ing can n o t b e  a ttribu ted  to
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c h a n g e s  in th e  se n so ry -p e rc e p tu a l, d ec ision -m ak ing , o r re s p o n s e  execu tion  

s ta g e s . W hile th e  findings of th is study  c a n  ne ither confirm  nor d en y  th e  

e x is te n c e  of S te rn b e rg 's  p ro ce ss in g  s ta g e s , w h a te v er  p ro c e s s e s  underly  th e  

s lo p e  a n d  in te rcep t in te rce p ts  a re  differentially in fluenced  by a c u te  mild c lo sed  

h e a d  injury. H ow ever, su p p o rt for both  th e  e x is te n c e  of th e s e  s ta g e s  a n d  th e  

sp a rin g  of p eriphera l p ro c e s s e s  following mild CHI c o m e s  from  th e  w ork of 

Shum , M cFarland , & H um phreys (1990), in which p ro ce ss in g  s ta g e s , 

e n c o m p a s s e d  by th e  in te rcep t e s tim a te s  in th e  p re se n t study  (fea tu re  extraction, 

identification, re s p o n s e  se lec tion , an d  m otor ad ju stm en t), w e re  show n  to be  

u n affec ted  by mild h e a d  traum a.

In tercep t d iffe ren ces  b e tw e en  th e  two g ro u p s  w ere  found on  four of th e  nine 

ta sk s . For th e  C o n so n a n t SIM a n d  P a tte rn  SIM ta sk s , in te rcep t e s tim a te s  w ere  

significantly fa s te r  for CHI th a n  norm al su b je c ts , but in th e  N um ber SIM a n d  

S ub trac tion  ta sk s , in te rcep ts  w ere  slow er for CHI p a tie n ts  th a n  norm als. T he 

sign ificance  of s lo w er th an  norm al in tercep t v a lu e s  on th e  tw o num ber ta s k s  in 

th e  CHI g roup  will b e  d is c u s s e d  later. T he  finding of CHI in te rcep t e s tim a te s  

which a re  fa s te r  th an  th o se  of con tro ls  m ay b e  a  p roduct of th e  in te rd ep e n d e n c e  

of s lo p e  a n d  in tercep t e s tim a te s . If s lope  e s tim a te s  h a v e  b e e n , for so m e  

re a so n , o v e re s tim a te d  for a  particu lar g roup  th en , by th e  fact th a t th e  in tercep t 

m e a s u re  is derived  from th e  interpolation of th e  s lope  to th e  y-in tercep t, it 

follows th a t th e  in tercep t e s tim a te  would b e  u n d e re s tim a te d . T his w ould
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s u g g e s t  that, in th e  c a s e  of sm alle r in te rcep ts  in th e  CHI g roup , th e  slope  

e s tim a te s  h av e  b e e n  o v eres tim ated . T he  u s e  of a  larger n u m b er of trials on 

e a c h  ta sk  or a n  in c re a se  in th e  nu m b er of positive p ro b e  s e ts  w ould in c re a se  

th e  stability of th e  s lo p e  e s tim a te s  in te rm s of both d e c re a s e d  variability a n d  

g re a te r  v a ria n ce  a c c o u n te d  for, a n d  would d e c re a s e  th e  probability of e ither 

under- o r over-estim ating  th e  s lo p e  of th e  RT function. C onsidera tion  of th is 

point in any  fu ture re se a rc h  is strongly  reco m m en d ed .

O n th e  W ord SIM ta sk , mild CHI su b je c ts  h ad  s lo p e  e s tim a te s  m ore than  

th re e  tim es  th o se  of no rm als, while on th e  C atego riza tion  ta sk , CHI su b jec t 

p e rfo rm an ce  w a s  approx im ate ly  eigh t tim es slow er th an  th a t of the ir norm al 

co u n te rp a rts . T he C ategoriza tion  ta s k  s e e m s  to  h av e  b e e n  particularly  difficult 

for th e  CHI su b je c ts  a s ,  on a v e ra g e , they  requ ired  280  m se c s  m ore p e r  item  to 

ca te g o riz e  a  w ord th an  to  perform  an  identity m atch . In co n tra s t, norm al 

su b je c ts  requ ired  only an  a v e ra g e  of 6 m ore m s e c s  p e r  item  to c a te g o riz e  than  

to m atch  a  word. A s th e re  w ere  no in tercep t d iffe ren ces  b e tw een  th e  two 

g ro u p s  on th e s e  ta s k s , the  s ta g e s  th a t a re  vu lnerab le  to  mild h e a d  tra u m a  m ust 

include th o se  e n c o m p a s s e d  by th e  ca teg o riza tio n  p ro c e ss .

CHI su b je c ts  w ere  m ore  th an  tw ice a s  slow  a s  control su b je c ts  in their ra te  of 

p ro ce ss in g  c o n so n a n ts . N either g roup , how ever, sh o w e d  a  d ifference  in the ir 

p e rfo rm an ce  b e tw e en  C o n so n a n t SIM a n d  DIM ta sk s . T his m ay b e  b e c a u s e  

both CHI a n d  norm al su b je c ts  perfo rm ed  th e  equ iv a len t of d e la y e d  identity-
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m a tc h e s  during s im u ltan eo u s identity-m atch ta sk s . During d e la y e d  ta sk s , 

su b je c ts  a re  requ ired  to m ake c o m p a riso n s  b e tw e en  th e  p robe  a n d  a  

rep re sen ta tio n  of th e  com parison  se t  in m em ory. This p ro c e s s  is not n e c e s s a ry  

for s im u ltan eo u s  ta sk s , a s  th e  com parison  se t rem ains  on th e  sc re e n , but 

su b je c ts  m ay  m em orize  th e  com parison  s e ts  an d , in effect, perform  a  d e lay ed  

identity-m atch. This m ay b e  a  m ore efficient s tra teg y  th an  rep ea ted ly  scann ing  

th e  s e t  a re a  for stimuli which a re  a lread y  re p re se n te d  in m em ory. An a lternative 

exp lana tion  for th e  lack of a  d ifference in pe rfo rm ance  of SIM a n d  DIM ta s k s  is 

th a t th e  tim e tak en  to sc a n  th e  o n -sc re en  com p ariso n  se t  item s in the  SIM ta sk s  

d o e s  not differ significantly from th e  tim e n e e d e d  to s c a n  their rep re sen ta tio n  in 

m em ory  in th e  equ iva len t DIM task . In e ith e r c a s e ,  th e  s tra teg y  u s e d  d o e s  not 

a p p e a r  to  be  vu lnerab le  to  th e  e ffec ts  of mild h e a d  traum a.

O n th e  two n u m b er ta s k s , N um ber SIM a n d  S ub trac tion , the  p re s e n c e  of a  

significant d ifference  for negative, bu t not positive, s lo p e s , an d  th e  significantly 

longer in tercep t e s tim a te s  w a s  m ost likely a  c o n s e q u e n c e  of d iffe rences  in 

co m p ariso n  s e t  p ro ce d u re s . T he frequen t chang ing  of com p ariso n  s e ts  m ay 

h a v e  slow ed  re s p o n s e  tim es  by increasing  su b jec t uncerta in ty  a s  to  the  

a c cu ra cy  of a n  identity m atch. In effect, su b jec ts  faced  th e  ta sk  of not only 

scan n in g  a  new ly d isp layed  com p ariso n  se t, but a lso  inhibiting affirm ative 

r e s p o n s e s  to  p ro b es  tha t resem b led  a  m em b e r of a  p rev ious com parison  se t. In 

p rev io u s re se a rc h  (S en io r & T w eedy, 1984 ,1986), n u m b ers  w ere  u s e d  a s  

co m p ariso n  s e ts  during p rac tice  tria ls for a  c o n so n a n t m em ory -scann ing  ta s k
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identical to  th e  d e la y e d  c o n so n an t identity-m atch ta sk  u s e d  in th is  study. 

A lthough only s e ts  of two a n d  four n u m b ers  w ere  u se d , th e  findings in th e  

earlie r s tu d ie s  w ere  sim ilar to  th o se  for co m p a rab le  s e t  s iz e s  of c o n s o n a n ts  for 

both head-in ju red  a n d  norm al su b jec ts  in th e  p re se n t study. As th e  

p e rfo rm an ce  of both CHI a n d  norm al su b je c ts  on  the  C o n so n a n t SIM ta sk  fully 

rep lica te  th e  findings of th e  earlie r s tudy , it is re a s o n a b le  to  a s s u m e  th a t had  

th is p ro ce d u re  b e e n  u s e d  for th e  nu m b er task , sim ilar resu lts  w ould h av e  b een  

found. T his is fu rther su p p o rted  by th e  work of S te rn b e rg  (1975), w ho h a s  

co n sis ten tly  d e m o n s tra te d  sim ilar findings in norm al su b je c ts  with m em ory- 

scan n in g  ta s k s  using  c o n s o n a n ts  a n d  n u m b ers  a s  p ro b e  stimuli.

B rouw er (1985) te s te d  head-in ju red  p a tien ts  within a  few  w e e k s  of th e  

reso lu tion  of po st-trau m atic  a m n e s ia , using  a  sim ple  arithm etic  te s t . S u b jec ts  

m em orized  s e ts  of o n e , two, o r th re e  digits, an d  w ere  th en  p re s e n te d  with 

addition p rob lem s (e.g . 3 + 2 = ?). S u b jec ts  p re s s e d  a  'y e s ' bu tton  if the  

solution to  th e  problem  m atch ed  a  m em b er of th e  m em ory  s e t, a n d  a  'no ' button 

if it d id  not. B rouw er found th a t th e  in c re ase  in RT with increasing  m em ory  se t 

s ize  w a s  g re a te r  for th e  head -in ju red  th an  norm al su b je c ts , a n d  w a s  

significantly g re a te r  for 'no ' th an  'y e s ' re s p o n s e s . A lthough th e  ta s k  u se d  

differed in m any w ay s from th e  arithm etic ta s k  u s e d  in th e  cu rren t study , th e  

resu lts  s u g g e s t  th a t th e  d ifference for nega tive  p robe  s lo p e s  found for th e  

sub trac tion  ta sk  w a s  d u e  to  th e  m inor h e a d  injury a n d  not p ro ced u ra l factors.
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T h e  p re s e n c e  of g re a te r  th an  norm al s lo p e s  in th e  CHI g roup  on  th e  Motor 

P rogram m ing  task , indicating a  slow ed  ra te  of m otor p rogram m ing , w a s  

u n e x p e c te d , a s  deficits in th is sy s te m  h av e  not prev iously  b e e n  found in th is 

clinical population . T he ac tu a l tim e tak en  to e x e c u te  th e  m otor re s p o n s e s  w a s  

not s low ed , a s  ind ica ted  by norm al in tercep t e s tim a te s , but CHI p a tien ts  took 

longer to  p re p a re  o r p rog ram  th e s e  ac ts . This m e a n s  th a t while mild CHI 

p a tien ts  d o  not tak e  longer to  physically e x e cu te  a  m otor ac t th ey  ta k e  longer to 

o rg an ize  a n d  p rep a re  it. This w ould s u g g e s t  th a t th e  m ore  com plex  th e  m otor 

s e q u e n c e  requ ired , th e  longer mild head-in ju red  p a tie n ts  will ta k e  to perform  

th e  ta sk , c o m p a re d  to norm als. This difficulty m ay hav e  b e e n  overlooked  in 

p rev ious s tu d ie s , a s  th e re  is a  te n d e n c y  to  simplify r e s p o n s e  req u irem en ts  in 

a s s e s s in g  clinical popu la tions, a n d  a lso  b e c a u s e  p a tie n ts  with mild h e a d  injury 

p re se n t with norm al neuro log ical findings. T he  finding h a s  im plications for mild 

h ead -in ju red  p a tie n ts  a n d  their ability to efficiently perform  com plex  m otor 

b eh av io rs  th a t requ ire  rapid p rep a ra tio n  a n d  coord ination , su ch  a s  driving a  car. 

H y p o th esized  B asis  of th e  S low ed Ra te  of Inform ation P ro cess in g

S a lth o u se  (1984) h a s  u se d  a  co m p u te r  an a lo g y  to explain  slow ed  ra te  of 

inform ation p ro ce ss in g  with re sp e c t to  aging. S o m e  of th e s e  h y p o th e se s  will be  

d isc u s s e d  with re fe re n c e  to  th e  p re se n t study.
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Lim itations in input/output ra te

S low er ra te s  of inform ation tran sm iss io n  in head -in ju red  su b je c ts  cou ld  be 

a ttribu ted  to  s low er s p e e d s  of periphera l com m unica tion , e ith e r b e c a u s e  of 

se n so ry  or m otor d e lay s . If th is w ere  so , how ever, th en  tim e d iffe rences  

b e tw e en  norm al a n d  h ead -in ju red  su b je c ts  shou ld  rem ain  c o n s ta n t with 

in c re a s e s  in ta sk  com plexity  a s  long a s  th e  input a n d  ou tpu t p ro c e s s e s  

rem ain ed  th e  sa m e . This is clearly  not th e  c a s e  with re sp e c t to  the  curren t 

study. T he  s lo p e  d iffe ren ces  b e tw een  CHI p a tie n ts  a n d  con tro ls  genera lly  

in c re a se  a s  ta sk  com plexity  in c re a s e s  from s im u lta n e o u s  th rough  d e la y e d  to 

transfo rm ation  iden tity -m atches. A lternatively, no d iffe ren ces  shou ld  be  

o b se rv e d  in th e  ra te  of in ternal p ro c e s s e s  w hen  they  a re  m e a su re d  

in d ependen tly  of th e  du ration  of input a n d  ou tpu t s ta g e s . D ifferences in s p e e d  

of p ro c e ss in g  b e tw e en  h ead -in ju red  a n d  norm al su b je c ts  sh o u ld  b e  e lim inated  

by b y p assin g  th e  input an d /o r ou tpu t p h a s e s  of p ro ce ss in g . If, for ex am p le  th e  

ra te  limiting factor w ere  to  b e  th e  execu tion  of the  m otor re s p o n s e , th en  

d iffe ren ces  shou ld  d isa p p e a r  if m e a su re m e n ts  w ere  m a d e  prior to th is 

re sp o n se . T his is effectively e v a lu a te d  th rough  th e  partitioning of RT into s lo p e s  

a n d  in te rcep ts , a s  th e  in te rcep t e s tim a te  in c lu d es  all input/output p ro c e s s e s .

T he  lack of in te rcep t d iffe ren ces  b e tw e en  mild CHI a n d  norm al su b je c ts  in the  

p re se n t s tudy  s u g g e s ts  th a t periphera l slow ing c a n n o t a c co u n t for th e  

d iffe ren ces  in s p e e d  of behav ior.
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"Softw are" d iffe ren ces

A no ther exp lana tion  is th a t qualitatively different p ro g ram s, o r s e q u e n c e s  of 

control, form th e  b a s is  for d iffe ren ces  in p ro ce ss in g  s p e e d  b e tw e e n  norm al an d  

CHI su b jec ts . If th e  sy s te m  u s e d  is le s s  efficient th an  a n o th e r  sy s tem , it will 

p ro d u ce  longer d e la y s  for th e  s a m e  activities ev en  though  th e  two sy s te m s  m ay 

b e  physically  identical. For ex am p le , it cou ld  be  h y p o th es ized  th a t poor 

p rep a ra tio n  is re sp o n sib le  for a t lea s t so m e  of th e  s p e e d  of p ro cess in g  

d iffe ren ces  b e tw e en  CHI a n d  no rm als, e ith e r d u e  to  a  failure to d ev e lo p  optim al 

r e a d in e s s  for a  specific  s igna l o r to a  d e c re a s e d  ability to  m ain tain  a  p re p a re d  

s ta te . A lternatively, it could  b e  th e  c a s e  th a t stim ulus inform ation is u se d  

inefficiently or th a t s p e e d  is sacrificed  in a  trade-off for m ore  a c c u ra te  

p e rfo rm an ce . H y p o th e se s  su c h  a s  th e s e  w ould predict th a t th e re  sh o u ld  b e  no 

d iffe ren ces  in s p e e d  of p e rfo rm an ce  b e tw e en  CHI a n d  no rm als w hen  th e  ta sk  

m inim izes o r e lim ina tes th e  possibility of varia tions in s tra te g y  o r control 

p ro c e s s e s . F u rtherm ore , d iffe ren ces  shou ld  in c re a se  in m ag n itu d e  with 

in c re a s e s  in ta sk  com plexity  b e c a u s e  of th e  g re a te r  opportunity  for th e  

em ploym en t of differential s tra te g ie s . Additionally, d iffe ren ces  in s p e e d  of 

p ro ce ss in g  w ould b e  e x p e c te d  to  b e  e lim inated  with p ro longed  p rac tice  s in ce  

both h ead -in ju red  a n d  norm al su b je c ts  w ould th en  h av e  th e  opportunity  to 

acqu ire  optim al s tra te g ie s .

W hile in creasin g  ta sk  com plexity  d o e s  s e e m  to p ro d u ce  g re a te r  s lo p e
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d iffe ren ces  b e tw e en  th e  CHI a n d  norm al su b je c ts , a s  with th e  ca tego riza tion  

a n d  w ord identity-m atch , significant b e tw een -g ro u p  d iffe ren ces  a re  ev iden t on 

e v e n  th e  s im p lest ta s k s , su g g e stin g  th a t s tra teg y  d iffe ren ces  do  not c a p tu re  the  

underly ing d iffe ren ces  b e tw e en  th e s e  two g ro u p s.

C apac ity  of w orking m em ory

D elays in inform ation p ro cess in g  in head -in ju red  su b je c ts  m ay b e  d u e  to a  

d im in ished  working m em ory sp a c e . If th is h y p o th es is  is co rrec t, th e re  shou ld  be 

little or no d ifference  b e tw e en  CHI a n d  no rm als for sim ple  ta s k s  th a t c a n  be  

p erfo rm ed  within th e  limits of a  sm all working m em ory , with d iffe rences  

em erg ing  a s  ta s k  com plexity  in c re a s e s  a n d  th e  lim itations of a  sm all working 

m em ory  sy s te m  a re  e x c e e d e d . By using  co m p ariso n  s e ts  no g re a te r  th an  four 

in size , all ta s k s  in th e  cu rren t s tudy  u s e d  stim ulus s e ts  within the  working 

m em ory  cap ac ity  of all su b jec ts . For ex am p le , all su b je c ts  in th e  p re se n t study  

w ere  requ ired  to  show  th a t they  h ad  m em orized  th e  co m p ariso n  s e ts  in the  

C o n so n a n t DIM ta s k  by recalling th em  forw ards an d  b ackw ards. A lthough the  

rep o rted  in c re a s e s  in r e s p o n s e  tim e with in creasin g  co m p ariso n  se t  s ize  could  

b e  v iew ed  th e m se lv e s  a s  resulting  from a  d im in ished  working m em ory s p a c e , 

no significant d iffe ren ces  in e rro r ra te s  w ere  found b e tw een  th e  two g ro u p s  a t 

an y  s e t  size . If a  d e c re a s e  in working m em ory capac ity  w a s  resp o n sib le  for the  

s low ed  ra te  of inform ation p ro cess in g  in th e  CHI g roup  th e n  th is  sh o u ld  have  

b e e n  a c co m p a n ie d  by a  d isp ropo rtiona te  in c re a se  in th e  erro r ra te  for th is
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group , m uch in th e  sa m e  w ay th a t e rro rs  in c re a se  in no rm als w hen  working 

m em ory  cap ac ity  is e x c e e d e d . Nor c a n  in c re a se d  re s p o n s e  tim e a s  a  function 

of in c re a se d  se t  s ize  b e  v iew ed a s  being  specific  to  h e a d  injury a s  th is a lso  

o ccu rred  within th e  norm al group.

C o n cu rren t p ro c e ss in g  d e m a n d s

A nother possibility is th a t p ro cess in g  tim e will b e  g re a te r  in s y s te m s  tha t 

e ith e r m ust a llo ca te  their re so u rc e s  to  a  g re a te r  nu m b er of jobs, or m ust a llocate  

a  sm aller period  of tim e to  e a c h  job. R e d u c e d  efficiency in th e  allocation  of 

re s o u rc e s  m ay b e  d u e  to  c h a n g e s  in level of a ro u sa l o r d iffe ren ces  in 

m otivational s ta te s . If th is w ere  th e  c a s e ,  th en  reduc tions in p ro ce ss in g  s p e e d  

shou ld  be  elim inated  if cond itions w ere  so  a rra n g e d  th a t su b je c ts  w ould clearly  

benefit if th ey  d e v o ted  all of their re so u rc e s  to  th e  p e rfo rm an ce  of th e  

experim en ta l task . W hile th is h y p o th es is  c a n n o t b e  directly e v a lu a te d  on th e  

b a s is  of th e  cu rren t study , th e  fact th a t CHI su b je c ts  s e e m e d  to  a d o p t a  d e lay ed  

identity-m atch  s tra teg y  in perform ing th e  C o n so n a n t SIM ta s k  s u g g e s ts  th a t mild 

head -in ju red  su b je c ts  hav e  sufficient re s o u rc e s  th a t they  c a n  a llo ca te  a  m em ory 

scan n in g  p ro c e s s  to  a  ta sk  th a t req u ires  only a  s im u ltan eo u s  identity-m atch.

"H ardw are" D ifferences

D ifferences in th e  s p e e d  of p ro ce ss in g  m ight b e  a ttribu ted  to  structural 

c h a n g e s  th a t a lte r th e  "clock sp e ed "  o r cycle tim e p e r  opera tion . In su c h  a  c a s e , 

tw o sy s te m s  with different cycle tim es  w ould differ in their p ro ce ss in g  tim es ev en  

if th e  s a m e  o p e ra tio n s  w ere  perfo rm ed  in exactly  th e  s a m e  m anner. All
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p ro c e s s e s  u n d e r th e  control of th e  cen tra l p ro ce ss in g  unit w ould tak e  longer in 

th e  sy s te m  with th e  slow er clock sp e e d . F u rtherm ore , th e  m agn itude  of s p e e d  

d iffe ren ces  shou ld  in c re a se  with in c re a s e s  in p ro ce ss in g  com plexity  of th e  ta sk  

to  b e  perform ed.

This h y p o th es is  w ould s u g g e s t  th a t head -in ju red  individuals, with slow  cycle  

tim es, shou ld  b e  s lo w er a c ro s s  a  variety  of m e a s u re s  c o m p a re d  with norm al 

individuals. T he  findings of th e  cu rren t s tudy  suppo rt th is hyp o th esis . W hile 

both  g ro u p s  d e m o n s tra te d  in c re a s e s  in p ro ce ss in g  tim es  with in creasin g  ta sk  

com plexity , mild h ead -in ju red  su b je c ts  sh o w ed  slow er ra te s  of inform ation 

p ro c e ss in g  c o m p a re d  to  norm als. M oreover, mild h e a d  injury a p p e a re d  to 

specifically  affect cen tra l p ro ce ss in g  s ta g e s  a s  e v id e n c e d  by s lo p e  in c re a s e s  

a n d  s p a re  se n so ry -p e rc e p tu a l, d ec ision -m ak ing , a n d  re sp o n se -e x e c u tio n  

p r o c e s s e s  e n c o m p a s s e d  by th e  in tercep t, which a re  p resu m ab ly  u n d e r th e  

contro l of different sy s te m s . In continuing th e  co m p u te r an a lo g y , th is  would b e  

akin to  reducing  th e  clock s p e e d  of th e  cen tra l p ro c e ss in g  unit of a  co m p u te r 

while leaving so ftw are , a n d  d isk  d rives, k eyboard , a n d  o th e r  h a rd w are  

u n c h a n g e d .

T h e  m ost likely locus for a  cen tra l clock m ech an ism  v u lnerab le  to th is type  of 

injury is in th e  b ra in stem . Folz & Schm idt (1956) an d  W ard  (1966) v iew ed th e  

reticu lar co re  a s  th e  site  of dysfunction  in co n c u ss io n , a n d  O p p e n h e im e r (1968) 

d e m o n s tra te d  m icroglial c lu s te rs  in th e  b ra in s tem s of p a tie n ts  w ho h ad
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su s ta in e d  mild h e a d  injuries. T he a lte ra tio n s  of c o n s c io u s n e ss  resulting  from 

mild h e a d  injury ind icate  th a t sh earin g  fo rces  during th e  tra u m a  a re  of sufficient 

m ag n itu d e  to, a t lea s t tem porarily , d isrupt b ra in stem  alerting functions (O m m aya 

& G ennarelli, 1974). Povlishock e t al. (1983) h av e  d e m o n s tra te d  th e  

vulnerability of th e  long axon  tra c ts  cou rsing  th rough  th e  b ra in stem , a n d  th e s e  

findings hav e  b e e n  confirm ed by o th e r  investiga to rs  (B akay, e t al., 1977; Brown, 

Y oshida, C an ty , & Verity, 1972; J a n e  et al., 1985). How this b ra in stem  axonal 

d a m a g e  m ight p ro d u ce  a  g e n e ra l slow ing in th e  ra te  of inform ation p ro ce ss in g  

in mild h ead -in ju red  p a tien ts  is u nc lear. H ow ever, Luria (1966) p ro p o se d  tha t 

th e  reticu lar form ation p lays an  e s se n tia l role in th e  regu la tion  of a ro u sa l an d  

active s ta te s  a n d , g iven th e  ex ten s iv e  in te rconnec tions  th e  re ticu lar sy s te m  h a s  

with th e  frontal lo b es  a n d  o th e r cortical an d  subcortica l s tru c tu re s , it a p p e a r s  

tha t th is sy s te m  m ay  play an  im portan t role in virtually all functions of the  

n e rv o u s  sy s te m  (Brodal, 1969).
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Conclusions

T h e  p re s e n c e  of a  g e n e ra l deficit in th e  ra te  of inform ation p ro cess in g  

following mild c lo se d  h e a d  injury s e e m s  c lea r, a n d  m ay exp lain  th e  particu lar 

p a tte rn  of neu ropsycho log ica l deficits found in su c h  p a tien ts . T h o se  

s ta n d a rd iz e d  te s ts  which s e e m  m ost usefu l for eva lua ting  mild h e a d  tra u m a , 

su c h  a s  m em ory , a tten tion , a n d  verbal fluency ta sk s , s h a re  tem p o ra l c o n stra in ts  

in th e  form of e ith e r tim e limits or p a c e d  p re sen ta tio n  of stimuli. Below  norm al 

p e rfo rm an ce  m ay not reflect dysfunction  in th o se  cognitive s y s te m s  com m only 

a s so c ia te d  with th e s e  te s ts ,  but ra th e r m ay b e  d u e  to  an  inability to  p ro c e s s  th e  

ta sk  req u irem e n ts  within th e  norm ally allo tted  tim e.

T h e  ta s k s  utilized in th is study , e v a lu a te d  th e  relative im pact of brain injury 

upon  different p ro ce ss in g  s ta g e s  a n d  allow ed th e  a n a ly s is  of co rrec t r e s p o n s e s  

ra th e r th an  th e  deficits which form th e  b a s is  of m uch clinical a s s e s s m e n t . 

P e rfo rm a n c e  on th e s e  ta s k s  ca n  b e  v iew ed  with c o n fid en ce  a s  deficits 

m e a s u re d  on o n e  co m p o n e n t o ccu r within th e  con tex t of norm al p e rfo rm a n c es  

on th e  o ther.

T he  a p p a re n t specificity of th e  effect on th e  s lo p e  e s tim a te  in mild h e a d  

injury, with s im u lta n e o u s  sparing  of th e  in tercep t co m p o n en t, m ay perm it 

effective dete rm ina tion  of th e  level of severity  of h e a d  tra u m a, a s  m o d era te  a n d  

s e v e re  injuries additionally  influence th o se  p ro c e s s e s  s u b s u m e d  u n d e r th e  

in te rcep t e s tim a te . P sy c h o g e n ic  e tio log ies c a n  potentially  b e  d isc rim ina ted  from
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organ ic  e tio log ies, a s  d iso rd e rs  a s so c ia te d  with th e s e  varied  origins p ro d u ce  

differential s lo p e  a n d  in te rcep t e ffec ts . D iso rders  currently  d e sc r ib e d  a s  

functional o r p sy c h o g en ic  ten d  to im pact upon in tercep t e s tim a te s  a n d  sp a re  

s lo p e  m e a s u re s  (p aran o id  a n d  n on -parano id  sc h izo p h ren ic s: H ighgate- 

M aynard  & N eufeld , 1986; cultural-fam ilially re ta rd e d  ch ildren : S ilverm an , 

1974; d e p re s s io n : Koh & W olpert, 1983), while o rgan ic  d iso rd e rs  (o th e r than  

mild h e a d  injury) a lm o st un iversally  p ro d u ce  s lo p e  a n d  in tercep t in c re a s e s  

(P a rk in so n 's  d is e a s e :  W ilson, e t al., 1980; a p h a s ia : W arren , H ubbard , & Knox, 

1977; a lcoholism : M ohs, e t al., 1979; K orsakoff pa tien ts : N aus, Laird, C erm ak , & 

De L uca, 1977; F riedrich 's  a tax ia: Hart, e t a l., 1985; m ultiple sc le ro sis : R ao , St. 

A ubin-F aubert, & Leo, 1989; a n d  HIV infection: Hart, e t al., 1990).

W ithin th e  a re a  of cognitive rehabilitation, th e  fo cu s  is o ften  p laced  on  th o se  

cogn itive  s y s te m s  th a t, th rough  neuropsycho log ica l ev a lu a tio n , h av e  b e e n  

identified a s  dysfunctional. For exam p le , poor p e rfo rm an ce  on a  m em ory  ta sk  

m ay lea d  to  rem ed ia tion  e x e rc is e s  th a t e m p h a s iz e  list-learning a n d  m em ory 

g a m e s . Im provem ent in te s t  s c o re s  on  s u b s e q u e n t ev a lu a tio n s  m ay be  the  

resu lt of th is focus, in effect training th e  patien t to  perform  b e tte r  on  th e  very 

ta s k s  u s e d  to  m onitor recovery . C learly, ta s k s  a re  n e e d e d  th a t ca n  effectively 

track  recovery  of functions th a t a re  not directly re la ted  to th e  ex tan t in tervention 

s tra te g ie s . T he  P a c e d  Auditory Serial Addition T es t h a s  b e e n  usefu l in th e  

m onitoring of cognitive rehabilitation of p a tie n ts  with mild h e a d  injury (Gronwall,
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1986), a n d  RT ta s k s  su ch  a s  th o se  u se d  in th e  p re se n t study  m ay prove ev en  

m ore sen sitiv e  to th e  su b tle  cognitive c h a n g e s  in th is  population.

Of th e  nine ta s k s  u se d  in th e  p re se n t study , the  C o n so n a n t DIM a n d  M otor 

P rogram m ing  ta s k s  s e e m  th e  m ost prom ising in th is regard . O ver th e  last 

tw enty  y e a rs  a  large body of d a ta  h a s  b e e n  a m a s s e d  co ncern ing  th e  

p e rfo rm an ce  of both norm als a n d  a  w ide varie ty  of pa tien t popu la tions on th e  

C o n so n a n t DIM or m em ory  scan n in g  parad igm . T h e  ta sk  req u irem e n ts  a re  

readily u n d e rs to o d  by m ost p a tien ts  a n d  acco m m o d a tio n s , su ch  a s  using  voice- 

key activation , c a n  b e  m ad e  for th o se  p a tie n ts  u n a b le  to  u s e  r e s p o n s e  keys.

T he M otor P rogram m ing  task , while easily  m a s te re d  by p a tien ts , p re s e n ts  

g re a te r  restric tions in r e s p o n s e  req u irem en ts . N o n e th e le ss , it fo c u s e s  on  an  

a s p e c t  of beh av io r th a t is difficult to e v a lu a te  a n d  m ay  prove to  b e  of particu lar 

u s e  in th e  evaluation  of m ovem en t d iso rd ers . W hile th e s e  ta s k s  sh o w  g rea t 

po ten tia l with re sp e c t to th e  a s s e s s m e n t  a n d  tre a tm e n t of mild head-in ju red  

p a tien ts , further d ev e lo p m en t a n d  re s e a rc h  is n e c e s s a ry  to  d e te rm in e  their 

p sychom etric  p ro p ertie s  befo re  using  th em  for a s s e s s m e n t  p u rp o se s .
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A ppendix A. Instructions to  S u b jec ts  

M otor P rooram m ing

"In th is  ta sk  I am  going  to  a sk  you to  learn  a  specific  p a tte rn  of key p re s s e s . 

For th is  you will b e  u sing  th re e  k ey s  - J ,  K, an d  L a n d  th e  index , m iddle, a n d  

ring fin g ers  of your right han d . P la c e  your th re e  fingers  on  th e  k e y s  like th is 

[d em o n stra te -p lac in g  th e  index finger on the  J  key, m iddle finger on  K, an d  ring 

f in g e r on  L]. Now you  p la c e  y o u r f in g e rs  th e re . [T he p ra c tic e  s c re e n  is 

d isp lay ed ]. S e e  th is  large  ce n tra l b o x ?  [indicate]. W hen  a  s ta r  a p p e a r s  in th e  

m iddle of th is  box I w ould like you to  p re s s  th e  key s a s  quickly a s  you  ca n  in a  

particu lar o rder. For th is part, w hen  you s e e  th e  s ta r  I w ant you to  p re s s  th e  left 

key [indicate], th en  th e  right key [indicate], a n d  th e n  th e  c e n te r  key [indicate. 

R e p e a t th e  m ovem en t th re e  tim es). Now you p rac tice  it. It is im portan t tha t you 

p r e s s  th e  k ey s  in th is  o rd e r  only w h en  th e  s ta r  a p p e a r s .  Do you h a v e  an y  

q u e s tio n s ?  [A nsw er any  q u es tio n s]. You ca n  now  p rac tice  th e  key p re s s  o rders . 

If you  p r e s s  th e  k e y s  in th e  w rong o rd er, th e  c o m p u te r  will let you  know  by 

beep in g . [Ten p rac tice  tria ls  a re  perfo rm ed] A re you read y  to  c o n tin u e ?  G ood! 

R e m e m b e r only re sp o n d  w hen  th e  s ta r  a p p e a rs !

[T e s t tr ia ls  b e g in . P o r tio n s  of th e  a b o v e  in s tru c tio n s  a r e  r e p e a te d  to  

d e m o n s tra te , p rac tice , a n d  te s t  th e  tw o k e y -p re s s  (J-L) a n d  o n e  k e y -p re ss  (J) 

s e q u e n c e s ] .

For th e  res t of th e  ta s k s  you will b e  show n  so m e  n u m b ers , p ic tu res , w ords, an d  

le tte rs  a n d  will b e  a s k e d  to  m ak e  Y e s  o r N o  d e c is io n s  a b o u t th em . In e a c h
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c a s e  w hat you a re  com paring  th e s e  num ber, p ic tu res, w ords, o r le tte rs  to  will be  

d iffe ren t, bu t all d e c is io n s  involve e ith e r  a  Y es  o r No r e s p o n s e .  T h is key 

[ex am in e r in d ic a te s  th e  N key] is th e  'Y E S ' key. If your a n s w e r  is Y es  you will 

p re s s  th is key a s  fast a s  you can . T his key [exam iner in d ica tes  th e  M key] is the  

'NO ' key. If your a n sw e r  is No you will p re s s  th is key a s  quickly a s  you can . 

S im u ltan eo u s  Identity M atch T a sk s

In th is  ta s k  I w a n t to  s e e  how  quickly you  c a n  m atch  L e tte rs /P ic tu re s / 

N u m b ers /W o rd s  on th e  s c re e n . S e e  th e s e  L e tte rs /P ic tu re s /N u m b e rs /W o rd s  

[ind icate  th e  stim uli d isp lay ed  in th e  co m p a riso n  box in th e  u p p e r  third of th e  

s c re e n ] . L e tte rs /P ic tu re s /N u m b e rs /W o rd s  will a p p e a r  h e re  o n e  a t a  tim e 

[indicate th e  box in th e  c e n te r  of th e  sc re e n ] Y our ta s k  is to  ind ica te  w h e th e r or 

not th is  L etter/P ic tu re /N um ber/W ord  is th e  s a m e  a s  o n e  of th e  L e tte rs /P ic tu res / 

N um bers/W ords up  h e re  [indicate co m p ariso n  box]. If th e  L etter/P ic tu re /N um ber/ 

W ord is th e  s a m e  a s  o n e  of th e s e  [indicate stimuli in co m p a riso n  box] p re s s  the  

Y es key. If it is not th e  s a m e , p re s s  th e  No key. W hen  you p r e s s  a  key th e  

L ette r/P ic tu re /N um ber/W ord  will d is a p p e a r  a n d  shortly  a n o th e r  will a p p e a r  for 

you to  re sp o n d  to.

[S am ple  stim u lus a p p e a rs  in p robe  box]

F or e x a m p le , th is  [ind icate  p ro b e  stim ulus] is th e  s a m e  a s  th is  [ind icate  

e q u iv a len t s tim u lu s  in c o m p a riso n  box] s o  you  w ould  p r e s s  th e  'Y E S ' key 

[stim u lus  d i s a p p e a r s  a n d  is re p la c e d  with a n  u n m a tc h e d  p ro b e] Now th is  

L e tte r /P ic tu re /N u m b e r/W o rd  is  no t th e  s a m e  a s  a n y  of t h e s e  [ in d ic a te  

com parison  stimuli] so  you w ould p re s s  th e  "NO" key.
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N um ber S im u ltan eo u s  Identity M atch Instruction Only: [After th e  s e c o n d  sam p le  

trial th e  n u m b ers  in th e  co m p ariso n  box a re  rep la ce d  by a  new  s e t  of n u m b ers  

th a t flash  for tw o s e c o n d s  a n d  th en  rem ain  on sc re e n ] S e e  how  th e  n u m b ers  

th a t w e re  h e re  [in d ica te  c o m p a r iso n  box] h a v e  c h a n g e d  to  a  n ew  s e t  of 

n u m b ers . This will h a p p e n  so m e tim e s  during th is task . T h e  n u m b ers  flash  for a  

little while so  th a t you will no tice  th a t th ey  h a v e  c h a n g e d . Y our ta sk  is still th e  

s a m e  e x c e p t th a t  you  h a v e  to  d e c id e  w h e th e r  th e  n u m b er h e re  [ind icate  th e  

p ro b e  box] is th e  s a m e  a s  an y  o n e  of th e s e  new  n u m b e rs  [ in d ica te  th e  

co m p a riso n  box]

R e m e m b e r to  work a s  quickly a s  you c a n  a n d  try not to  m ake  an y  m istakes. If 

you  d o  m ak e  a  m is tak e , d o n 't s to p , ju s t k e e p  on  g o ing . Do you  h a v e  any  

q u e s tio n s ?  [explain/clarify a s  n e c essa ry ]

[P rac tice  tria ls c o m m e n ce . O n s u b s e q u e n t  b locks ind ica te  th e  c h a n g e  in s ize  of 

th e  c o m p a r is o n  s e t  w ith "N ow  th e r e  a r e  [n u m b e r]  L e t te r s /P ic tu r e s /  

N um bers/W ords here"  a n d  th en  con tinue  with th e  trials].

C o n so n a n t D elaved  Identity M atch

In th is  ta s k  I w an t to  s e e  how  quickly you  c a n  identify  le tte rs  you  h av e  

lea rn ed . I w ould  like you to  learn  th e  le tte rs  in side  th is  box - 1 O. [Indicate th e  

le tte rs  d isp la y e d  on  th e  th e  m onitor in a  box in th e  u p p e r  third of th e  sc re e n . 

R ecall is te s te d  by requiring th e  su b jec t to  correctly  re p e a t  th e  le tte rs  fo rw ards 

a n d  b ack w ard s  twice].
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[The sc re e n  c lears]

Now, in th is box (ind icate  th e  c e n te r  of th e  s c re e n ), le tte rs  will a p p e a r  o n e  at a 

tim e. Y our ta sk  is to  ind icate  w h e th e r  o r no t th e  letter in th e  box is th e  s a m e  a s  

o n e  of th e  le tte rs  you  h av e  ju st lea rn ed . You do  th is by p re ss in g  th e  Y es o r No 

key. If th e  le tte r  on  th e  s c re e n  is th e  s a m e  a s  o n e  you  le a rn e d  p r e s s  th e  Y es 

key. If it is not th e  s a m e , p re s s  th e  No key. W hen  you p re s s  a  key th e  letter will 

d is a p p e a r  an d  shortly  a n o th e r  letter will a p p e a r  for you to re sp o n d  to.

[S am p le  le tte r a p p e a rs ]

F or e x am p le , th is  is an  "I" [point to th e  le tte r on  th e  m onitor] a n d  s in ce  it is 

o n e  of th e  le tte rs  you lea rn ed  you w ould p re s s  th e  'Y E S ' key [d em o n stra te  this]. 

N ote  th a t th is  le tte r is now  g o n e , a n d  a  new  letter h a s  a p p e a re d , a n  ME". S ince, 

th is is not "I" o r "O" you would p re s s  th e  "NO" key [dem onstrate].

Y ou shou ld  w ork a s  quickly a s  you c a n  a n d  try not to m ake  an y  m istakes. If 

you  do  think you h av e  m ad e  a  m istake , d o  not s top , ju st co n tin u e  w orking. Do 

you h a v e  any  q u e s tio n s?  [explain/clarify a s  n e c essa ry ]

I w ould like you to  con tinue  with th e s e  trials.

[P rac tice  tria ls c o m m e n ce . O n s u b s e q u e n t b locks ind ica te  th e  m em ory  se t  an d  

c h e c k  th a t it h a s  b e e n  lea rn ed , th en  allow th e  su b jec t to  con tinue  with th e  trials]. 

P a tte rn  D elaved  Identity M atch

In th is ta s k  I w an t to s e e  how  quickly you c a n  identify p ic tu res  you hav e  just 

s e e n .  W h en  you p r e s s  th is  key  [ind ica te  th e  long s p a c e  bar] a  n u m b e r  of 

p ic tu re s , a s  m any  a s  four, will a p p e a r  h e re  [ind icate  th e  c o m p a riso n  box an d  

p r e s s  s p a c e  b a r  to  d isp lay  co m p ariso n  stimuli]. W hen  you re le a s e  th e  s p a c e  b a r
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th e s e  p ic tu res  will d isa p p e a r , so  don 't re le a se  it until you hav e  h a d  a  g o o d  look 

a t e a c h  of th em . A little while a fte r you re le a s e  th is  key a  p ic tu re  will a p p e a r  

h e re  [ind icate  th e  p ro b e  box; r e le a s e  s p a c e  b a r; o n e  s e c o n d  la te r  a  m a tc h ed  

picture a p p e a rs  in th e  p robe  box]. If th is p icture is th e  s a m e  a s  o n e  of th o se  you 

h a v e  ju st s e e n  th e n  p re s s  th e  Y es  key a s  quickly a s  you c a n , o th erw ise  p re s s  

th e  No key. [D em o n stra te  sam ples]

Do you have  an y  q u e s tio n s?  [explain/clarify a s  n e c essa ry ]

I w ould like you to  con tinue  with th e s e  trials.

[On s u b s e q u e n t  b locks ind icate  th a t th e re  will b e  a  d ifferent n u m b er of p ic tu res 

d isp lay ed  in th e  co m p ariso n  box]

S ub trac tion  Identity M atch

In th is  ta s k , you  h a v e  to  d o  s o m e  sim p le  su b tra c tio n . N u m b e rs  will be  

d isp la y e d  h e re  [ in d ica te  c o m p a r iso n  box]. W h en  a  n u m b e r  a p p e a r s  h e re  

[ind icate  p ro b e  box] you m ust d e c id e  w h e th e r  or no t th is  n u m b er is th re e  le ss  

th an  an y  of th e  n u m b ers  d isp lay ed  up  he re  [indicate com parison]. For ex am p le , 

[begin sa m p le  trials] th e  n u m b ers  h e re  [indicate com parison] a re  23 , 85, 37 , an d  

16 a n d  th e  n u m b er h e re  [indicate probe] is 82 . 8 2  is tw o le s s  th an  8 5  so  you 

w ould  p r e s s  th e  Y es key. T he next n u m b er is 17. You w ould p r e s s  No h e re  

b e c a u s e  17 is not tw o le s s  th a n  any  of th e s e  u p p e r  n u m b ers . S o m e tim e s  th e  

n u m b ers  up  h e re  will c h a n g e  an d  flash  for a  co u p le  of s e c o n d s . T he  flash ing  is 

to w arn  you th a t th e  n u m b ers  h av e  c h a n g e d , but your ta s k  is still th e  s a m e  • to 

d e c id e  w h e th e r  th e  n u m b er h e re  [ind icate  p robe] is th re e  le s s  th a n  any  of the  

n u m b ers  d isp lay ed  up  h e re  [indicate com parison].
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[C ontinue with p rac tice  trials]

Any q u e s tio n s ?  [Explain a s  n e c essa ry ]

[Begin th e  first block of te s t  trials. At th e  beg inn ing  of e a c h  block point ou t th a t 

th e  n u m b er of d ig its d isp lay ed  h a s  c h an g ed ]

C la s s  E xem plar C a tego riza tion  M atch

In th is  ta sk , a  n u m b er of c a te g o rie s , up  to  four, will a p p e a r  h e re  [ind icate  

co m p ariso n  box]. W ords will a p p e a r  o n e  a t a  tim e in th e  c e n te r  box [indicate]. If 

th is  w ord is a  m em b er of any  o n e  of th e  c a te g o rie s  d isp lay ed  up  h e re  [indicate], 

th e n  p re s s  th e  Y es  key. If th e  w ord is not a  m em b er of a  ca te g o ry  th en  p re s s  the  

No key. For ex am p le , [begin sa m p le  trials] h e re  th e  c a te g o rie s  a re  O ccupation , 

City, a n d  R iver a n d  th e  w ord DOG h a s  b e e n  d isp la y e d  in th e  c e n te r  box, you 

w ould p r e s s  th e  'N O ' key a s  DOG is not an  o ccu p atio n , city, o r river. T he  next 

w ord is D O CTO R. T his is an  occupation  so  you w ould p re s s  th e  Y es key. If you 

a re  ready , th en  con tinue  with th e s e  trials.

[W hen th e  su b jec t h a s  co m p le ted  th e  trials]

Do you h av e  an y  q u e s tio n s?  [Explain a s  n e c essa ry ]

[Begin first b lock of trials. W hen  th e  c a te g o rie s  a re  d isp lay ed , ind ica te  th em  an d  

th e n  begin  th e  t r ia ls ] .
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A ppendix  B. W ord Stimuli for 10 T a rg e t C a te g o rie s  u s e d  in S im u ltan eo u s  W ord 

Identity a n d  C la s s  E xem plar C atego riza tion  T a sk s

Comparison S e t :S e t  1 S e t 2

Category: Anim al Insect /  F low er

P ositive  p ro b e s N egative  p ro b es Positive  p ro b e s N egative  p ro b es

leo p ard  (6) p lum ber (6) ladybug (8) giraffe (12)

racco o n  (4) sailing  (5) b e g o n ia  (5) g re n a d e  (6)

m onkey (9) violet (8) orchid  (9) rattle (5)

rabbit (6) h a m m e r (3) ho rnet (3) d a g g e r  (3)

h o rse  (26) s t e e l (31) d a isy  (24) theft (18)
tiger (22) p en n y  (22) tulip (20) truck  (19)

m o u se  (8) polio (9) lilac (6) stick  (5)

wolf (4) ro p e  (4) flea (6) co ld  (7)

g o a t (10) c lub  (10) w a sp  (9) bom b (10)

lion (22) d im e (24) g n a t (16) co rn  (18)

b e a r (20) so fa  (19) ro se  (45) ch a ir  (47)

c a t (41) gun  (45) b e e  (21) c a r  (14)

Mn: 1 4 .8 3 15.5 14 .33 1 3 .6 7

S D : 1 1 .4 2 12 .99 11 .93 11.91

1(22) = -1 .06, p= .314 1(22) = 0 .6 7 , p = .5 0 7

N o te . N u m b e rs  in p a r e n th e s e s  re fe r  to  re la tiv e  fre q u e n c y  m e a s u r e s  from  

H ow ard  (1979). No significant d iffe ren ces  w ere  found  b e tw e e n  an y  of th e  m ean  

freq u en cy  v a lu e s  for positive o r nega tive  s e ts .
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C o m p a r i s o n  S e t :S e t  3 S e t 4

C a te g o ry :F ru it  / M etal /  S port Bird / Cloth / F ish / T ree

P ositive  p ro b e s N egative  p ro b e s Positive  p ro b e s N egative  p ro b e s

aprico t (7) zoology (7) h ad d o ck  (5) c a b b a g e  (9)

bow ling (5) ch icken  (2) sw allow  (5) b icycle (8)

b ro n ze  (9) n e p h e w  (13) velvet (8) b o tany  (8)

skiing (5) artist (5) ca n a ry  (8) turn ip  (6)

p e a c h  (30) tab le  (46) m ap le  (29) knife (44)

lem on (11) train (11) sh a rk  (16) sw ord  (15)

rugby (6) s p e a r (4) den im  (6) fraud  (5)

lime (3) drum  (2) so le  (7) wife (5)

lead  (9) ce n t (3) crow  (11) c a r  (11)

golf (20) ball (19) p ine (22) d e s k  (25)

iron (42) au n t (43) silk (36) doll (25)

tin (20) so n  (16) o ak  (29) p e a  (26)

Mn: 13 .92 1 4 .2 5 15 .17 1 5 .5 8

S D : 11 .94 15 .20 11 .04 12 .0

1(22) = -0 .21 , £= .839 1(22) = -0 .24 , £ = .8 1 5

N o te . N u m b e rs  in p a r e n th e s e s  re fe r  to  re la tiv e  fre q u e n c y  m e a s u r e s  from  

H ow ard(1979). No significant d iffe ren ces  w ere  found b e tw e e n  an y  of th e  m ean  

freq u en cy  v a lu e s  for positive o r nega tive  se ts .
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A ppendix  C. P a tte rn s  u s e d  in th e  P a t te rn S im u ltan eo u s  a n d  D elaved  Identitv- 

M atch T ask s .

K L n  IN u



8 8

A ppendix D. Polynom ial T e s ts  of O rd e r for th e  S e t S ize  V ariab le  on  th e  Nine 
T ask s .

Polynomial Source SS DF MS F P

Motor Programming
Linear Set Size 508613.0 1 508613.0 43.04 <0.001

Error 283642.6 24 11818.4
Quadratic Set Size 2304.1 1 2304.1 0.43 0.520

Error 129999.6 24 5416.6

Consonant Simultaneous Identity-Match
Linear Set Size 148943.4 1 148943.4 25.21 <0.001

Error 140146.9 24 5839.5
Quadratic Set Size 1409.6 1 1409.6 0.28 0.602

Error 121227.7 24 5051.2
Cubic Set Size 6950.3 1 6950.3 2.18 0.153

Error 76564.7 24 3190.2

Pattern Simultaneous Identity-Match
Linear Set Size 3402530.6 1 3402530.6 124.05 <0.001

Error 658289.3 24 27428.7
Quadratic Set Size 45853.2 1 45853.2 9.88 0.004

Error 111348.6 24 4639.5
Cubic Set Size 58136.1 1 58136.1 20.30 <0.001

Error 68785.1 24 2866.0

Number Simultaneous Identity-Match
Linear Set Size 1235164.5 1 1235164.5 209.66 <0.001

Error 141390.0 24 5891.3
Quadratic Set Size 244.3 1 244.3 0.06 0.804

Error 93522.4 24 3896.8
Cubic Set Size 14272.3 1 14272.3 2.19 0.152

Error 156309.4 24 6212.9

Word Simultaneous Identity-Match
Linear Set Size 572005.4 1 572005.4 89.21 <0.001

Error 156578.2 24 6524.1
Quadratic Set Size 871.8 1 871.8 0.36 0.553

Error 102377.4 24 4265.7
Cubic Set Size 2221.2 1 2221.2 0.51 0.481

Error 42386.4 24 1766.1
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Polynomial Source SS DF MS F P

Consonant Delayed Identity-Match
Linear Set Size 142647.8 1 142647.8 29.74 <0.001

Error 115112.9 24 4796.4
Quadratic Set Size 607.2 1 607.2 0.22 0.647

Error 67660.9 24 2819.2
Cubic Set Size 7658.5 1 7658 5 4.99 0.035

Error 36843 9 24 1535.2

Pattern Delayed Identity-Match
Linear Set Size 572005.4 1 572005.4 89.21 <0.001

Error 156578.2 24 6524.1
Quadratic Set Size 871.8 1 871.8 0.36 0.553

Error 102377.4 24 4265.7
Cubic Set Size 2221.2 1 2221.2 0.51 0.481

Error 42386.4 24 1766.1

Subtraction Identity-Match
Linear Set Size 2734675.5 1 2734675.5 26.98 <0.001

Error 2432759.1 24 101364.9
Quadratic Set Size 2585.7 1 2585.7 0.17 0.681

Error 358201.6 24 14925.1
Cubic Set Size 51690.3 1 51690.3 2.08 0.163

Error 597486.7 24 24895.3

Class Exemplar Categorization-Match
Linear Set Size 326129.9 1 326129.9 1.54 0.227

Error 5090104.6 24 212087.7
Quadratic Set Size 3094.5 1 3094.5 0.07 0.799

Error 1119615.7 24 46650.7
Cubic Set Size 1942.9 1 1942.9 0.04 0.844

Error 1172511.8 24 48854.7
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A ppendix E. S tatistical A n a ly ses  of S lone  an d  In tercep t Estim a te s  for CHI and  
N orm al S u b jec ts  on  th e  N ine T asks.

M otor P rogram m ing
In d ep e n d e n t S a m p le s  T -T est 
S lo p e  a n a ly s is

M ean SD
CHI g ro u p  136.61 9 8 .0 5
C ontro l g ro u p  6 1 .1 9  46 .9 6

P o o led  v a ria n ce s  1(24) = 2 .501 , p  = 0 .02  
In te rcep t an a ly s is

CHI g ro u p  6 0 1 .5 6  174 .9 5
C ontro l g ro u p  646.81 2 0 1 .9 0

P o o led  v a ria n c e s  1(24) = -0 .611 , p  = 0 .547

C o n so n an t S im u ltaneous Identity-M atch
S lo p e  a n a ly s is
B e tw e e n  S u b je c ts S S DF M S F P

G roup 2 5 8 4 3 .0 1 2 5 8 4 3 .0 2 2 .1 2 8 <0.001
Error 2 8 0 2 9 .4 2 4 11 6 7 .9

W ithin S u b je c ts
P ro b e 2 2 1 7 .0 1 2 2 1 7 .0 1 0 .8 2 8 0 .0 0 3
P ro b e  x G roup 861.1 1 861.1 4 .2 0 6 0 .0 5 0
E rror 4 9 1 3 .9 2 4 2 0 4 .7

In te rcep t a n a ly s is
B e tw een  S u b je c ts

G roup 3 0 3 6 3 .6 1 3 0 3 6 3 .6 2 .9 6 3 0 .0 9 8
Error 2 4 5 9 3 5 .9 2 4 1 0 2 4 7 .3

W ithin S u b je c ts
P ro b e 2 0 2 1 0 .0 1 2 0 2 1 0 .0 1 6 .5 9 7 <0.001
P ro b e  x G roup 7 8 1 0 .7 1 7 8 1 0 .7 6 .4 1 4 0 .0 1 8
Error 2 9 2 2 5 .0 2 4 12 1 7 .7
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P atte rn  S im u ltaneous Identity M atch
S lo p e  a n a ly s is
B e tw een  S u b je c ts S S DF M S F P

G ro u p 7 6 9 0 0 .5 1 7 6 9 0 0 .5 1 4 .0 1 8 0.001
Error 1 3 1 6 5 7 .9 2 4 5 4 8 5 .7

W ithin S u b je c ts
P ro b e 1 88 3 .3 1 1 8 8 3 .3 3 .5 9 5 0 .0 7 0
P ro b e  x G roup 2 3 6 4 .0 1 2 3 6 4 .0 4 .5 1 3 0 .0 4 4
E rror 1 2 5 7 2 .9 2 4 5 2 3 .9

In te rcep t a n a lv s is
B e tw een  S u b je c ts

G roup 2 6 1 1 6 8 .0 1 2 6 1 1 6 8 .0 7 .4 9 7 0.011
E rror 8 3 6 0 3 8 .3 2 4 3 4 8 3 5 .0

W ithin S u b je c ts
P ro b e 2 2 4 5 .4 1 2 2 4 5 .4 0 .5 5 4 0 .4 6 4
P ro b e  x G roup 2 1 6 4 .6 1 2 1 6 4 .6 0 .5 3 4 0 .4 7 2
E rror 9 7 2 2 0 .3 2 4 4 0 5 0 .8

N um ber S im u ltan eo u s Identity M atch
SIodg a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G roup 2 4 4 5 .2 1 2 4 4 5 .2 2 .0 7 5 0 .1 6 3
Error 2 8 2 7 8 .0 2 4 1 1 7 8 .3

W ithin S u b je c ts
P ro b e 1 0 0 3 2 .7 1 1 0 0 3 2 .7 1 7 .4 8 5 <0.001
P ro b e  x G roup 2 9 3 0 .5 1 2 9 3 0 .5 5 .1 0 7 0 .0 3 3
Error 1 3 7 7 1 .0 24 5 7 3 .8

InterceDt a n a lv s is
B e tw een  S u b je c ts

G roup 2 6 2 7 7 0 .0 1 2 6 2 7 7 0 .0 1 8 .5 4 7 <0.001
E rror 340021 .1 2 4 1 4 1 6 7 .5

W ithin S u b je c ts
P ro b e 1087.1 1 1087.1 0 .4 5 6 0 .5 0 6
P ro b e  x G roup 9 .2 1 9 .2 0 .0 0 4 0.951
Error 57215 .1 2 4 2 3 8 4 .0
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W ord S im u ltaneous Identity-M atch
SIodo a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G ro u p 1 2 4 0 5 9 .9 1 1 2 4 0 5 9 .9 1 5 .9 6 2 0.001
Error 186531 .1 2 4 7772 .1

W ithin S u b je c ts
P ro b e 6 0 2 0 .8 1 6 0 2 0 .8 5 .0 9 5 0 .0 3 3
P ro b e  x G roup 6 4 4 4 .8 1 6 4 4 4 .8 5 .4 5 4 0 .0 2 8
Error 2 8 3 5 9 .2 2 4 1 1 8 1 .6

InterceD t a n a lv s is
B e tw een  S u b je c ts

G ro u p 15400.1 1 15400.1 0 .4 4 3 0 .5 1 2
Error 8 3 3767 .1 2 4 3 4 7 4 0 .3

W ithin S u b je c ts
P ro b e 7 0 1 .0 1 7 0 1 .0 0 .1 9 9 0 .6 5 9
P ro b e  x G roup 998.1 1 998.1 0 .2 8 4 0 .5 9 9
Error 8 4 4 9 0 .7 2 4 3 5 2 0 .4

C o n so n an t D elayed  Identity-M atch
S lo p e  a n a lv s is
B e tw e e n  S u b je c ts S S DF M S F P

G ro u p 2 4 8 6 6 .8 1 2 4 8 6 6 .8 2 5 .9 2 3 <0.001
E rror 2 3 0 2 2 .6 2 4 9 5 9 .3

W ithin S u b je c ts
P ro b e 144 6 .6 1 1 4 4 6 .6 7 .3 9 9 0 .0 1 2
P ro b e  x G roup 123 5 .2 1 123 5 .2 6 .3 1 8 0 .0 1 9
Error 4 6 9 2 .5 2 4 1 9 5 .5

InterceD t an a lv s is
B e tw e e n  S u b je c ts

G ro u p 4 9 1 5 4 .5 1 4 9 1 5 4 .5 4 .8 4 2 0 .0 3 8
Error 2 4 3 6 5 1 .0 2 4 10152.1

W ithin S u b je c ts
P ro b e 4 2 8 9 .4 1 4 2 8 9 .4 2.411 0 .1 3 4
P ro b e  x G roup 7712.1 1 7712.1 4 .3 3 4 0 .0 4 8
Error 4 2 7 0 3 .0 2 4 17 7 9 .3
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P atte rn  D elayed  Identity-M atch
SIODe a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G ro u p 1 9 0 4 2 .8 1 1 9 0 4 2 .8 1 4 .8 4 9 0.001
E rror 3 0 7 7 8 .7 2 4 1282 .4

W ithin S u b je c ts
P ro b e 7 3 7 .9 1 7 3 7 .9 0 .5 6 6 0 .4 5 9
P ro b e  x G roup 383.1 1 383.1 0 .2 9 4 0 .5 9 3
E rror 3 1 3 1 5 .6 2 4 1304 .8

InterceD t a n a lv s is
B e tw een  S u b je c ts

G roup 2443.1 1 2443.1 0 .3 9 7 0 .5 3 4
Error 1 4 7 5 6 5 .8 2 4 6 1 4 8 .6

W ithin S u b je c ts
P ro b e 6 9 2 .8 1 6 9 2 .8 0 .1 3 9 0 .7 1 3
P ro b e  x G roup 2 1 6 .5 1 2 1 6 .5 0 .0 4 3 0 .8 3 7
Error 1 1 9 8 6 1 .2 2 4 4 9 9 4 .2

Subtraction Identity-M atch
S lo o e  a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G roup 4 6 8 9 1 .4 1 4 6 8 9 1 .4 2 .3 1 3 0.141
E rror 4 8 6 5 5 1 .8 2 4 2 0 2 7 2 .9

W ithin S u b je c ts
P ro b e 6 1 2 1 3 .8 1 6 1 2 1 3 .8 3 8 .9 2 3 <0.001
P ro b e  x G roup 2 5 3 7 8 .9 1 2 5 3 7 8 .9 1 6 .1 3 7 0.001
Error 3 7 7 4 4 .5 2 4 1 5 7 2 .7

InterceDt an a ly s is
B e tw een  S u b je c ts

G roup 2 8 5 4 1 9 2 .7 1 2 8 5 4 1 9 2 .7 7 .4 9 8 0.011
Error 9 1 3 5 4 7 5 .3 2 4 3 8 0 6 4 4 .8

W ithin S u b je c ts
P ro b e 31327 .1 1 31327 .1 1.441 0 .2 4 2
P ro b e  x G roup 4 1 0 8 .9 1 4 1 0 8 .9 0 .1 8 9 0 .6 6 8
Error 5 2 1 7 6 1 .6 2 4 2 1740 .1
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C la ss  E xem plar C ategoriza tion  Identity-M atch
S lo o e  a n a ly s is
B e tw een  S u b je c ts S S DF M S F P

G roup 1 8 0 1 3 6 9 .3 1 1 8 0 1 3 6 9 .3 4 2 .4 6 8 <0.001
Error 1 0 1 8 0 2 0 .9 2 4 4 2 4 1 7 .5

W ithin S u b je c ts
P ro b e 8 3 6 5 5 .6 1 8 3 6 5 5 .6 2 .0 5 9 0 .1 6 4
P ro b e  x G roup 5 4 1 5 9 .9 1 5 4 1 5 9 .9 1 .3 3 3 0 .2 6 0
Error 9 7 5 2 0 3 .0 2 4 4 0 6 3 3 .5

In te rcep t a n a ly s is
B e tw een  S u b je c ts

G roup 2 4 6 0 8 0 .7 1 2 4 6 0 8 0 .7 1.841 0 .1 8 8
Error 3 2 0 8 6 5 6 .4 24 1 3 3 6 9 4 .0

W ithin S u b je c ts
P ro b e 1566173 .1 1 1566173 .1 1 0 .1 1 0 0 .0 0 4
P ro b e  x G roup 9 6 0 9 2 7 .9 1 9 6 0 9 2 7 .9 6 .2 0 3 0 .0 2 0
Error 37 1 7 9 0 2 .1 2 4 1 5 4 9 1 2 .6



95

C om parison  of C o n so n a n t S im u ltaneous an d  D elayed  Identity-M atch T a sk s

B etw een  S u b je c ts S S DF M S F P
G roup 50705.1 1 50705 .1 2 9 .5 1 9 <0.001
Error 4 1 2 2 5 .7 24 1 7 1 7 .7

W ithin S u b je c ts
T ask 15.3 1 15 .3 0 .0 3 7 0 .8 4 8
T ask  x G roup 4.7 1 4 .7 0.011 0 .9 1 6
Error 982 6 .2 24 4 0 9 .4
P ro b e 40.9 1 4 0 .9 0 .2 0 5 0 .6 5 5
P robe  x G roup 16.8 1 16.8 0 .0 8 4 0 .7 7 4
Error 4 7 9 2 .5 24 199 .7
T ask  x P ro b e 3 6 2 2 .6 1 3 6 2 2 .6 18.061 <0.001
T ask  x P ro b e  x G roup 2 0 7 9 .5 1 2 0 7 9 .5 1 0 .3 6 7 0 .0 0 4
Error 4 8 1 3 .9 2 4 2 0 0 .6

InterceD t a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G roup 7 8 3 9 1 .9 1 7 8 3 9 1 .9 6 .3 7 8 0 .0 1 9
Error 2 9 4 9 7 5 .4 2 4 1 2 2 9 0 .6

W ithin S u b je c ts
T ask 17 4 1 .2 1 1 7 4 1 .2 0 .2 1 5 0 .6 4 7
T ask  x G roup 1126.1 1 1126.1 0 .1 3 9 0 .7 1 3
Error 1 9 4 6 1 1 .5 24 8 1 0 8 .8
P ro b e 2 9 3 8 .9 1 2 9 3 8 .9 2.671 0 .1 1 5
P ro b e  x G roup 0 .1 5 7 1 0 .1 5 7 < 0.001 0.991
Error 2 6 4 1 2 .2 2 4 1 1 0 0 .5
T ask  x P ro b e 2 1 5 6 0 .5 1 2 1 5 6 0 .5 1 1 .3 6 9 0 .0 0 3
T a sk  x P ro b e  x G ro u p l 5522 .7 1 1 5 5 2 2 .7 8 .1 8 5 0 .0 0 9
Error 4 5 5 1 5 .9 2 4 1 8 9 6 .5
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C om parison  of P a tte rn  S im u ltan eo u s an d  D elayed  Identity-M atch T a sk s
S lo p e  a n a ly s is
B e tw een  S u b je c ts S S DF M S F P

G roup 86239.1 1 86239 .1 2 3 .7 5 6 <0.001
Error 8 7 1 2 4 .7 2 4 3 6 3 0 .2

W ithin S u b je c ts
T ask 19627 .6 1 1 9 6 2 7 .6 6 .2 5 5 0 .0 2 0
T ask  x G roup 9704.1 1 9704.1 3 .0 9 2 0.091
Error 7 5 3 1 1 .8 2 4 3 1 3 7 .9
P ro b e 2 4 8 9 .4 1 2 4 8 9 .4 2 .1 3 6 0 .1 5 7
P ro b e  x G roup 2 32 5 .2 1 2 3 2 5 .2 1 .995 0.171
Error 2 7 9 7 0 .5 2 4 11 6 5 .4
T ask  x P robe 131 .7 1 13 1 .7 0 .1 9 9 0 .6 6 0
T ask  x P ro b e  x G roup 4 2 1 .9 1 4 2 1 .9 0 .6 3 6 0 .4 3 3
Error 15918.1 2 4 6 6 3 .2

InterceDt a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G roup 1 0 6 5 4 5 .9 1 1 0 6 5 4 5 .9 5 .2 6 7 0.031
Error 4 8 5 5 3 5 .3 2 4 2 0 2 3 0 .6

W ithin S u b je c ts
T ask 1 0 8 6 2 5 .5 1 1 0 8 6 2 5 .5 5 .2 3 4 0.031
T ask  x G roup 157065 .1 1 157065 .1 7 .5 6 8 0.011
Error 4 9 8 0 6 8 .7 2 4 2 0 7 5 2 .9
P ro b e 2 7 1 6 .4 1 2 7 1 6 .4 0.531 0 .4 7 3
P ro b e  x G roup 5 0 5 .9 1 5 0 5 .9 0 .0 9 9 0 .7 5 6
Error 1 2 2 8 8 7 .6 2 4 5 1 2 0 .3
T ask  x P ro b e 2 2 1 .8 1 2 2 1 .8 0 .0 5 7 0 .8 1 4
T ask  x P ro b e  x G roup 1875.1 1 1875.1 0 .4 7 8 0 .4 9 6
Error 9 4 1 9 3 .9 2 4 3 9 2 4 .7
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C om parison  of C ategoriza tion  a n d  W ord S im u ltan eo u s Identity-M atch T a sk s
S lo o e  a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G ro u p 1435448 .9 1 1 4 3 5 4 4 8 .9 3 7 .1 0 7 <0.001
Error 9 2 8 4 1 7 .7 2 4 38684 .1

W ithin S u b je c ts
T ask 8 0 1 5 9 8 .8 1 8 0 1 5 9 8 .8 6 9 .6 7 0 <0.001
T ask  x G roup 4 8 9 9 8 0 .2 1 4 8 9 9 8 0 .2 4 2 .5 8 6 <0.001
Error 2 7 6 1 3 4 .2 2 4 1 1 5 0 5 .5
P ro b e 2 2 3 9 5 .5 1 2 2 3 9 5 .5 1 .1 8 8 0 .2 8 7
P ro b e  x G roup 11619 .4 1 1 1 6 1 9 .4 0 .6 1 6 0 .4 4 0
Error 4 5 2 4 3 5 .9 2 4 1 8 8 5 1 .5
T ask  x P ro b e 6 7 2 8 0 .7 1 6 7 2 8 0 .7 2 .9 3 0 0 .1 0 0
T a sk  x P ro b e  x G ro up48985 .2 1 4 8 9 8 5 .2 2 .1 3 3 0 .1 5 7
Error 5 5 1 1 2 6 .2 2 4 2 2 9 6 3 .5

InterceDt a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G ro u p 1 9 2 3 0 0 .6 1 1 9 2 3 0 0 .6 1 .7 9 3 0 .1 9 3
Error 2 5 7 3 3 1 3 .5 2 4 1 0 7 2 2 1 .4

W ithin S u b je c ts
T ask 767.1 1 767.1 0 .0 1 3 0 .9 1 2
T ask  x G roup 6 9 1 8 0 .2 1 6 9 1 8 0 .2 1 .1 3 0 0 .2 9 8
Error 1 4 6 9 1 0 9 .9 2 4 6 1 2 1 2 .9
P ro b e 8 1 6 5 7 0 .5 1 8 1 6 5 7 0 .5 1 2 .3 1 5 0 .0 0 2
P ro b e  x G roup 4 4 9 9 9 3 .9 1 4 4 9 9 9 3 .9 6 .7 8 7 0 .0 1 6
Error 1 5 9 1 3 4 0 .6 2 4 6 6 3 0 5 .9
T a sk  x P ro b e 7 5 0 3 0 3 .6 1 7 5 0 3 0 3 .6 8 .1 4 4 0 .0 0 9
T a sk  x P ro b e  x G ro u p 5 1 1932.1 1 5 1 1 932 .1 5 .5 5 7 0 .0 2 7
Error 22 1 1 0 5 2 .1 2 4 9 2 1 2 7 .2
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C om parison  of Subtraction  a n d  N um ber S im u ltaneous Identity-M atch T a sk s
S lo p e  a n a ly s is
B e tw een  S u b je c ts S S DF M S F P

G ro u p 3537 6 .2 1 3 5 3 7 6 .2 3 .2 2 3 0 .0 8 5
Error 2 6 3 4 2 4 .7 24 1 0 9 7 6 .0

W ithin S u b je c ts
T ask 51142 .9 1 5 1 1 4 2 .9 4 .8 8 2 0 .0 3 7
T ask  x G roup 13960 .4 1 1 3 9 6 0 .4 1 .333 0 .2 6 0
Error 251405.1 2 4 1 0 4 7 5 .2
P ro b e 6 0 4 0 5 .0 1 6 0 4 0 5 .0 5 2 .1 2 2 <0.001
P ro b e  x G roup 2277 8 .7 1 2 2 7 7 8 .7 1 9 .6 5 5 <0.001
Error 27814 .2 2 4 1 1 5 8 .9
T ask  x P ro b e 1 0 8 4 1 .4 1 1 0 8 4 1 .4 1 0 .9 7 8 0 .0 0 3
T a sk  x P robe  x G roup  5 5 3 0 .6 1 5 5 3 0 .6 5 .6 0 0 0 .0 2 6
Error 23701 .1 2 4 9 8 7 .5

InterceDt an a lv s is
B e tw een  S u b je c ts S S DF M S F P

G ro u p 2 4 2 4 5 0 4 .5 1 2 4 2 4 5 0 4 .5 1 1 .4 0 4 0 .0 0 2
Error 5 1 0 2 3 1 5 .6 24 2 1 2 5 9 6 .5

W ithin S u b je c ts
T ask 1 3 5 5 7 8 2 .0 1 1 3 5 5 7 8 2 .0 7.441 0 .0 1 2
T a sk  x G roup 6 9 2 4 5 8 .2 1 6 9 2 4 5 8 .2 3 .8 0 0 0 .0 6 3
Error 4 3 7 3 1 8 0 .8 24 1 8 2 2 1 5 .9
P ro b e 2 2 0 4 2 .8 1 2 2 0 4 2 .8 7 .7 9 2 0 .1 9 3
P ro b e  x G roup 2 2 5 3 .6 1 2 2 5 3 .6 0 .1 8 3 0 .6 7 2
Error 2 9 5 2 4 4 .9 24 1 2 3 0 1 .9
T a sk  x P robe 1 0 3 7 1 .3 1 1 0 3 7 1 .3 0 .8 7 7 0 .3 5 8
T a sk  x P ro b e  x G roup 1 8 6 4 .5 1 1 8 6 4 .5 0 .1 5 8 0 .6 9 5
Error 2 8 3 7 3 1 .8 2 4 1 1 8 2 2 .2
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C om parison  of S im u ltaneous Identity-M atch T a sk s

Slope analysis
B etw een  S u b je c ts S S DF M S F P

G roup 176289 .7 1 1 7 6 2 8 9 .7 2 3 .9 8 7 <0.001
Error 177048 .8 2 4 7 3 7 7 .0

W ithin S u b je c ts
T ask 6 3 8 3 4 .4 3 21278 .1 7 .7 5 9 <0.001
T ask  x G roup 5295 8 .9 3 1 7 6 5 2 .9 6 .4 3 7 0.001
Error 197447 .6 72 2 7 4 2 .3
P ro b e 1904.2 1 1 9 0 4 .2 5 .5 1 4 0 .0 2 7
P ro b e  x G roup 796 .6 1 7 9 6 .6 2 .3 0 7 0 .1 4 2
Error 8288 .2 2 4 3 4 5 .3
T ask  x P ro b e 1 8 2 4 9 .4 3 6 0 8 3 .2 8 .5 3 3 <0.001
T ask  x P ro b e  x G ro u p l 1803.9 3 3 9 3 4 .6 5 .5 1 9 0 .0 0 2
Error 5 1 3 2 8 .7 72 7 1 2 .9

In te rcep t a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G ro u p 22020 .1 1 22020 .1 0 .5 3 7 0.471
Error 983265 .1 2 4 4 0 9 6 9 .4

W ithin S u b je c ts
T ask 1 3 2 3 6 0 .2 3 44120 .1 2 .4 9 6 0 .0 6 7
T ask  x G roup 5 4 7 6 8 1 .5 3 1 8 2 5 6 0 .5 1 0 .3 3 0 <0.001
Error 1 2 7 2 4 9 7 .3 72 1 7 6 7 3 .6
P ro b e 8 3 7 6 .9 1 8 3 7 6 .9 1 1 .3 0 7 0 .0 0 3
P ro b e  x G roup 2 5 1 3 .7 1 2 5 1 3 .7 3 .3 9 3 0 .0 7 8
Error 1 7 7 8 1 .4 2 4 7 4 0 .9
T ask  x P robe 1 5 8 6 6 .5 3 5 2 8 8 .8 1.521 0 .2 1 6
T ask  x P ro b e  x G roup  8 4 6 8 .8 3 2 8 2 2 .9 0 .8 1 2 0.491
Error 2 5 0 3 6 9 .7 7 2 3 4 7 7 .4
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C om parison  of D elayed  Identity-M atch T a sk s
S lo p e  a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G ro u p 4 3 7 1 5 .6 1 4 3 7 1 5 .6 3 6 .6 8 6 <0.001
Error 2 8 5 9 9 .0 24 119 1 .6

W ithin S u b je c ts
T ask 1290.8 1 12 9 0 .8 1 .229 0 .2 7 9
T a sk  x G roup 193.9 1 193 .9 0 .1 8 5 0.671
Error 2 5 2 0 2 .2 24 1050.1
P ro b e 59.1 1 59.1 0 .0 6 9 0 .7 9 5
P ro b e  x G roup 121.2 1 121 .2 0 .1 4 2 0 .7 0 9
E rror 2 0 4 6 5 .9 2 4 8 5 2 .7
T ask  x P robe 2 1 2 5 .4 1 2 1 2 5 .4 3 .2 8 2 0 .0 8 3
T a sk  x P robe  x G roup  1497 .0 1 149 7 .0 2 .3 1 2 0.141
Error 1 5 5 4 2 .2 24 6 4 7 .5

In te rcep t a n a ly s is
B e tw een  S u b je c ts S S DF M S F P

G ro u p 1 4 8 4 0 .3 1 1 4 8 4 0 .3 1 .594 0 .2 1 9
E rror 2 2 3 4 1 3 .7 2 4 9 3 0 8 .9

W ithin S u b je c ts
T ask 3 4 2 6 8 .9 1 3 4 2 6 8 .9 4.901 0 .0 3 7
T a sk  x G roup 3 6 7 5 7 .2 1 3 6 7 5 7 .2 5 .2 5 7 0.031
Error 1 6 7 8 0 3 .0 2 4 6 9 9 1 .8
P ro b e 7 6 7 .2 1 7 6 7 .2 0 .1 8 2 0 .6 7 3
P ro b e  x G roup 5 2 5 6 .5 1 5 2 5 6 .5 1 .2 4 9 0 .2 7 5
Error 1 0 1 0 2 5 .2 2 4 4 2 0 9 .4
T a sk  x P robe 4215.1 1 4215.1 1 .644 0 .2 1 2
T a sk  x P ro b e  x G roup  2672.1 1 2672 .1 1 .042 0 .3 1 8
E rror 61539 .1 2 4 2564.1
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C om parison  of T ransform ation  T a sk s
S lo p e  a n a lv s is
B e tw een  S u b je c ts S S DF M S F P

G roup 1 214765 .2 1 1 2 1 4 7 6 5 .2 47 .611 <0.001
Error 6 1 2 3 3 9 .3 24 2 5514 .1

W ithin S u b je c ts
T ask 7 2 8 7 5 1 .7 1 7 2 8 7 5 1 .7 1 9 .6 0 3 <0.001
T ask  x G roup 63 3 4 9 5 .4 1 6 3 3 4 9 5 .4 17 .0 4 0 <0.001
Error 8 9 2 2 3 3 .5 24 3 7 1 7 6 .4
P ro b e 874 .4 1 8 7 4 .4 0 .0 3 9 0 .8 4 5
P ro b e  x G roup 2694 .9 1 2 6 9 4 .9 0 .1 2 0 0 .7 3 2
Error 5 4 0 010 .9 2 4 2 2 5 0 0 .5
T ask  x P robe 1 4 3 9 9 5 .0 1 1 4 3 9 9 5 .0 7 .3 0 7 0 .0 1 2
T ask  x P ro b e  x G roup76843 .9 1 7 6 8 4 3 .9 3 .9 0 0 0 .0 6 0
Error 4 7 2 9 3 6 .5 2 4 1 9 7 0 5 .7

In te rcep t an a lv s is
B e tw een  S u b je c ts S S DF M S F P

G roup 7 1 2 0 6 6 .4 1 7 1 2 0 6 6 .4 2 .5 7 7 0 .1 2 2
Error 6 6 3 2 7 9 5 .9 2 4 2 7 6 3 6 6 .5

W ithin S u b je c ts
T ask 2 8 1 3 2 7 4 .4 1 2 8 1 3 2 7 4 .4 11 .8 2 2 0 .0 0 2
T ask  x G roup 2 3 8 8207 .1 1 2 3 88207 .1 1 0 .0 3 6 0 .0 0 4
Error 5 7 1 1 3 3 5 .8 2 4 2 3 7 9 7 2 .3
P ro b e 5 7 7 2 4 7 .0 1 5 7 7 2 4 7 .0 6 .1 3 6 0.021
P ro b e  x G roup 4 1 9 6 8 2 .5 1 4 1 9 6 8 2 .5 4.461 0 .0 4 5
Error 2 2 5 7 7 2 5 .4 2 4 9 4 0 7 1 .9
T ask  x P ro b e 1020253 .1 1 1020253 .1 1 2 .3 5 5 0 .0 0 2
T a sk  x P ro b e  x G roup 5 4 5 3 5 4 .3 1 5 4 5 3 5 4 .3 6 .6 0 4 0 .0 1 7
Error 1 9 8 1 9 3 8 .3 2 4 8 2 5 8 0 .7
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Appendix F-1. Individual Subject S lope and Intercept Estim ates for the Motor
P rogram m ing  Task.

Closed Head-Injured Subjects Control Subjects

Subject Slope Intercept Subject Slope Intercept

CHI.1 11.9 749.1 N.1 16.5 401.7
CHI.2 175.2 621.4 N.2 3.0 443.0
CHI.3 70.5 673.6 N.3 140.5 789.4
CHI.4 62.2 264.3 N.4 21.0 347.7
CHI.5 160.8 640.3 N.5 127.5 347.1
CHI.6 267.5 407.9 N.6 115.1 846.8
CHI.7 52.9 674.2 N.7 78.6 773.6
CHI.8 194.5 479.4 N.8 35.7 886.0
CHI.9 75.6 662.7 N.9 27.5 721.7
CHI.10 274.7 747.5 N.10 58.3 530.1
CHI.11 9.7 765.6 N.11 14.0 753.4
CHI.12 283.1 329.9 N.12 57.3 840.5
CHI.13 137.4 804.7 N.13 100.5 757.4

Mean 136.6 601.6 61.2 646.8
SD 98.0 175.0 47.0 201.9



Appendix F-2. Individual Subject S lope and Intercept E stim ates for the
C onsonant S im ultaneous Identitv-Match Task.
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Closed Head-Injured Subjects Control Subjects

Subject Slope Intercept Subject Slope Intercept

Positive Probe Trials
CHI.1 122 8 204.5 N.1 26.3 429 5
CHI.2 114.5 242 1 N.2 40.8 406.0
CHI.3 99.8 276.7 N.3 45.9 464.0
CHI.4 57.4 348.6 N.4 29.9 270.0
CHI.5 56.0 370.2 N.5 57.7 298.8
CHI.6 170.8 143.6 N.6 16.8 442.5
CHI.7 90.6 272.5 N.7 38.9 347.5
CHI.8 112.8 280.5 N.8 39.0 235.0
CHI.9 52.8 312.7 N.9 35.4 424.8
CHI.10 54.0 343.0 N.10 55.7 292.3
CHI.11 90.6 254.3 N.11 16.9 366.1
CHI.12 77.6 286.9 N.12 32.8 262.3
CHI.13 82.5 278.7 N.13 60.6 322.5

Mean 90.9 278.0 38.2 350.9
SD 34.1 60.8 14.2 76.8

Negative Probe Trials
CHI.1 36.7 405.1 N.1 26.3 465.0
CHI.2 90.7 379.0 N.2 40.8 463.0
CHI.3 79.2 344.7 N.3 45.9 504.0
CHI.4 24.2 451.1 N.4 29.9 277.0
CHI.5 16.2 485.5 N.5 57.8 378.4
CHI.6 142.8 230.5 N.6 16.8 417.1
CHI.7 80.5 309.7 N.7 38.9 349.2
CHI.8 92.9 286.0 N.8 39.0 246.5
CHI.9 57.2 318.8 N.9 35.4 513.8
CHI.10 18.7 442.5 N.10 55.7 360.7
CHI.11 63.4 296.1 N.11 16.9 335.0
CHI.12 78.3 324.1 N.12 32.8 311.5
CHI.13 76.3 325.1 N.13 55.0 286.5

Mean 65.9 353.7 29.5 377.5
SD 35.7 74.2 10.5 88.5
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Appendix F-3. Individual Subject S lop e and Intercept E stim ates for the Pattern
S im u ltan eo u s  Identitv-M atch Task.

Closed Head-Injured Subjects Control Subjects

Subject Slope Intercept Subject Slope Intercept

Positive Probe Trials
CHI.1 127.6 404.8 N.1 70.9 416.5
CHI.2 208.0 104.0 N.2 33.9 580.5
CHI.3 116.5 317.6 N.3 98.1 442.0
CHI.4 79.4 491.1 N.4 53.5 570.0
CHI.5 130.3 276.4 N.5 43.9 594.5
CHI.6 234.3 445.8 N.6 27.9 613.0
CHI.7 91.1 327.1 N.7 54.9 535.5
CHI.8 92.6 455.4 N.8 59.6 280.1
CHI.9 148.5 148.7 N.9 54.5 383.1
CHI.10 56.8 521.4 N.10 106.6 295.9
CHI.11 207.0 148.5 N.11 85.7 429.7
CHI.12 286.1 0.8 N.12 89.3 244.1
CHI.13 281.0 75.5 N.13 105.3 342.4

Mean 158.4 285.9 68.0 440.6
SD 76.9 174.4 26.7 128.3

Negative Probe Trials
CHI.1 137.5 282.0 N.1 78.8 434.5
CHI.2 129.8 255.0 N.2 53.4 590.0
CHI.3 97.3 393.5 N.3 89.6 479.0
CHI.4 91.2 428.1 N.4 73.8 558.5
CHI.5 71.2 407.6 N.5 40.1 615.5
CHI.6 224.8 392.8 N.6 74.6 533.0
CHI.7 102.2 380.2 N.7 68.5 535.0
CHI.8 159.7 306.6 N.8 62.4 315.6
CHI.9 90.5 309.7 N.9 86.1 345.1
CHI.10 107.2 361.3 N.10 108.1 384.6
CHI.11 158.9 262.8 N.11 120.7 322.3
CHI.12 263.7 63.0 N.12 103.8 222.2
CHI.13 281.0 79.2 N.13 130.6 261.4

Mean 147.3 301.7 83.9 430.5
SD 68.6 117.0 26.3 131.1
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Appendix F-4. Individual Subject S lope and Intercept Estim ates for the Number
S im u ltan eo u s  Identitv-M atch T a sk

Closed Head-Injured Subjects Control Subjects

Subject Slope Intercept Subject Slope Intercept

Positive Probe Trials
CHI.1 76.2 425.9 N.1 57.2 500.5
CHI.2 47.0 518.9 N.2 75.2 409.5
CHI.3 67.4 503.9 N.3 85.7 409.0
CHI.4 93.6 359.0 N.4 58.2 229.7
CHI.5 86.7 504.8 N.5 91.7 309.7
CHI.6 100.3 278.9 N.6 80.5 174.9
CHI.7 42.1 513.8 N.7 55.1 224.7
CHI.8 103.1 306.5 N.8 148.1 165.7
CHI.9 73.5 439.4 N.9 118.4 220.1
CHI.10 106.6 338.5 N.10 69.4 194.8
CHI.11 105.3 382.1 N.11 146.8 123.0
CHI.12 76.5 407.4 N.12 49.2 341.2
CHI.13 91.4 417.9 N.13 51.0 235.3

Mean 82.3 415.2 83.6 272.1
SD 21.1 80.5 34.3 112.9

Negative Probe Trials
CHI.1 115.4 410.3 N.1 106.4 432.5
CHI.2 157.8 397.4 N.2 139.9 314.5
CHI.3 143.4 476.3 N.3 108.1 413.5
CHI.4 120.9 371.0 N.4 91.9 178.4
CHI.5 104.8 473.7 N.5 134.2 239.8
CHI.6 187.5 356.4 N.6 83.8 176.7
CHI.7 138.9 441.0 N.7 98.5 165.5
CHI.8 98.5 447.2 N.8 154.3 206.4
CHI.9 159.4 299.8 N.9 112.8 235.3
CHI.10 83.5 392.4 N.10 112.2 162.5
CHI.11 178.4 277.4 N.11 151.6 192.2
CHI.12 167.0 330.1 N.12 53.1 354.8
CHI.13 165.8 370.1 N.13 101.1 133.6

Mean 140.1 387.9 111.4 246.6
SD 32.9 62.6 28.3 99.8



Appendix F-5. Individual Subject S lope and Intercept Estim ates for the Word
Sim ultaneous Identity-Match Task.

Closed Head-Injured Subjects Control Subjects

Subject Slope Intercept Subject Slope Intercept

Positive Probe Trials
CHI.1 93.9 273.0 N.1 68.7 364.0
CHI.2 149.0 236.5 N.2 -3.0 752.5
CHI.3 102.9 287.3 N.3 123.7 257.0
CHI.4 95.6 214.3 N.4 36.7 255.9
CHI.5 95.9 358.8 N.5 76.9 210.3
CHI.6 309.7 50.0 N.6 21.8 245.0
CHI.7 101.6 297.5 N.7 78.0 220.1
CHI.8 219.4 256.7 N.8 20.5 272.1
CHI.9 61.5 462.5 N.9 34.5 231.5
CHI.10 94.1 236.1 N.10 60.2 256.4
CHI.11 77.0 379.0 N.11 21.3 228.2
CHI.12 154.7 119.9 N.12 31.1 220.1
CHI.13 133.2 167.5 N.13 137.5 99.4

Mean 129.9 256.8 54.5 282.5
SD 67.8 109.0 41.7 152.8

Negative Probe Trials
CHI.1 55.0 403.5 N.1 51.8 425.0
CHI.2 162.1 297.5 N.2 -42.3 838.0
CHI.3 118.2 339.1 N.3 89.4 354.5
CHI.4 201.5 265.5 N.4 15.9 304.8
CHI.5 218.0 183.2 N.5 50.0 271.6
CHI.6 431.5 -4.9 N.6 7.9 307.3
CHI.7 132.5 360.5 N.7 70.4 302.1
CHI.8 202.4 257.9 N.8 20.6 272.2
CHI.9 29.0 433.2 N.9 21.3 263.3
CHI.10 82.0 398.4 N.10 89.6 209.5
CHI.11 125.6 373.5 N.11 30.1 312.4
CHI.12 144.5 142.7 N.12 12.4 283.1
CHI.13 92.1 418.7 N.13 17.9 286.1

Mean 153.4 297.6 33.4 340.8
SD 101.2 128.2 36.5 157.7



Appendix F-6. Individual Subject S lope and Intercept E stim ates for the
C onsonant D elaved  Identitv-Match Task.

107

Closed Head-Injured Subjects Control Subjects

Subject Slope Intercept Subject Slope Intercept

Positive Probe Trials
CHI.1 41.0 396.8 N.1 41.7 433.5
CHI.2 83.3 399.0 N.2 32.4 414.5
CHI.3 91.0 282.7 N.3 39.0 428.5
CHI.4 49.1 311.3 N.4 24.7 456.0
CHI.5 70.6 256.9 N.5 40.4 403.5
CHI.6 92.2 335.7 N.6 58.6 367.0
CHI.7 52.6 340.6 N.7 26.3 332.4
CHI.8 79.1 394.1 N.8 31.8 269.4
CHI.9 45.7 280.8 N.9 41.0 251.2
CHI.10 35.1 330.2 N.10 27.6 211.0
CHI.11 44.4 340.2 N.11 28.9 351.4
CHI.12 109.4 171.5 N.12 35.9 325.1
CHI.13 116.6 158.0 N.13 39.0 236.8

Mean 69.9 307.5 35.9 344.6
SD 27.3 77.5 9.0 81.9

Negative Probe Trials
CHI.1 53.9 307.5 N.1 20.5 490.5
CHI.2 159.7 220.7 N.2 20.8 449.0
CHI.3 80.5 306.9 N.3 24.0 468.0
CHI.4 32.7 394.0 N.4 21.6 468.5
CHI.5 73.0 297.1 N.5 46.9 459.0
CHI.6 127.0 338.1 N.6 36.3 443.0
CHI.7 88.9 283.7 N.7 43.2 355.2
CHI.8 100.0 312.8 N.8 24.6 297.5
CHI.9 70.0 286.1 N.9 28.4 274.0
CHI.10 34.5 371.9 N.10 23.7 241.3
CHI.11 49.3 367.2 N.11 31.0 335.8
CHI.12 116.1 176.1 N.12 35.5 327.0
CHI.13 103.7 222.0 N.13 35.8 391.4

Mean 83.8 298.8 30.3 384.6
SD 37.4 63.5 9.0 84.3



Appendix F-7. Individual Subject S lope and Intercept E stim ates for the Pattern
D elaved Identity- Match Task.

Closed Head-Injured Subjects Control Subjects

Subject Slope Intercept Subject Slope Intercept

Positive Probe Trials
CHI.1 117.3 288.5 N.1 88.2 325.0
CHI.2 175.7 243.1 N.2 89.7 300.0
CHI.3 125.4 339.3 N.3 47.4 416.5
CHI.4 198.6 166.0 N.4 88.2 325.0
CHI.5 96.2 394.3 N.5 58.1 280.9
CHI.6 135.1 365.1 N.6 51.0 274.0
CHI.7 49.0 446.3 N.7 47.2 326.0
CHI.8 52 8 521.2 N.8 62.3 308.5
CHI.9 75.7 327.7 N.9 59.7 289.2
CHI.10 146.9 191.3 N.10 71.9 290.5
CHI.11 133.7 307.8 N.11 70.0 350.8
CHI.12 69.1 299.8 N.12 60.1 341.5
CHI.13 68.8 362.4 N.13 82.2 193.5

Mean 111.1 327.1 67.4 309.3
SD 47.2 97.2 15.6 51.1

Negative Probe Trials
CHI.1 125.6 251.5 N.1 61.8 414.5
CHI.2 98.5 386.4 N.2 75.6 398.0
CHI.3 96.2 338.5 N.3 32.8 500.0
CHI.4 72.7 425.4 N.4 61.8 414.5
CHI.5 22.1 455.0 N.5 98.8 222.9
CHI.6 193.2 321.8 N.6 62.8 267.2
CHI.7 105.0 303.6 N.7 98.7 225.0
CHI.8 146.3 351.6 N.8 60.3 330.3
CHI.9 23.7 443.7 N.9 49.9 333.2
CHI.10 58.9 387.1 N.10 49.2 395.8
CHI.11 135.0 347.0 N.11 59.8 405.9
CHI.12 74.4 330.9 N.12 78.3 335.2
CHI.13 123.9 316.4 N.13 58.7 291.4

Mean 98.1 358.4 65.3 348.8
SD 48.5 58.8 18.7 82.3



Appendix F-8. Individual Subject S lope and Intercept E stim ates for the
Subtraction Identitv-Match Task.
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Closed Head-Injured Subjects Control Subjects

Subject Slope Intercept Subject Slope Intercept

Positive Probe Trials
CHI.1 123.6 656.0 N.1 178.5 470.0
CHI.2 -98.1 1828.1 N.2 98.5 566.0
CHI.3 132.4 746.7 N.3 94.6 573.0
CHI.4 346.8 103.7 N.4 103.1 264.4
CHI.5 209.3 443.6 N.5 70.7 631.5
CHI.6 173.6 769.5 N.6 159.2 204.0
CHI.7 97.9 690.6 N.7 139.2 94.9
CHI.8 98.1 818.1 N.8 165.7 406.5
CHI.9 204.9 340.8 N.9 106.7 432.4
CHI.10 358.8 4.6 N.10 111.7 200.7
CHI.11 293.3 999.4 N.11 179.8 357.0
CHI.12 -49.6 1863.1 N.12 47.1 509.5
CHI.13 -61.0 1878.1 N.13 169.1 110.0

Mean 140.8 857.1 124.9 370.8
SD 147.5 635.0 43.3 181.1

Negative Probe Trials
CHI.1 263.6 738.8 N.1 248.3 314.0
CHI.2 -37.4 2195.1 N.2 161.4 420.5
CHI.3 248.2 706.6 N.3 205.4 349.0
CHI.4 477.1 30.1 N.4 135.1 234.1
CHI.5 364.8 316.4 N.5 176.1 485.7
CHI.6 274.1 578.4 N.6 211.7 87.4
CHI.7 240.4 640.6 N.7 123.2 149.6
CHI.8 204.4 801.0 N.8 180.7 342.1
CHI.9 306.0 295.2 N.9 110.5 378.0
CHI.10 462.2 6.1 N.10 123.8 158.7
CHI.11 318.4 788.5 N.11 195.5 283.2
CHI.12 267.0 982.8 N.12 102.0 410.8
CHI.13 113.4 1507.0 N.13 173.7 113.1

Mean 269.4 737.5 165.2 286.6
SD 134.5 593.6 44.2 128.1



Appendix F-9. Individual Subject S lope and Intercept E stim ates for the C lass
Exem plar C ategorization-M atch Task.

Closed Head-Injured Subjects Control Subjects

Subject Slope Intercept Subject Slope Intercept

Positive Probe Trials
CHI.1 227.9 362.3 N.1 152.2 779.0
CHI.2 508.5 44.9 N.2 110.3 721.0
CHI.3 291.7 297.8 N.3 41.5 625.5
CHI.4 215.5 218.7 N.4 77.42 362.0
CHI.5 456.4 278.5 N.5 84.2 406.8
CHI.6 1438.5 -1034.5 N.6 8.0 420.3
CHI.7 284.6 333.9 N.7 26.7 505.5
CHI.8 1082.5 -1015.7 N.8 9.1 496.6
CHI.9 543.4 69.2 N.9 32.8 434.1
CHI.10 139.5 335.5 N.10 44.9 621.6
CHI.11 438.9 93.4 N.11 38.9 339.2
CHI.12 438.9 262.8 N.12 22.0 370.6
CHI.13 233.6 874.8 N.13 70.9 362.0

Mean 484.6 86.3 47.8 495.7
SD 373.5 534.2 30.5 146.3

Negative Probe Trials
CHI.1 295.9 474.2 N.1 159.6 642.0
CHI.2 434.2 556.6 N.2 128.8 697.0
CHI.3 406.5 459.0 N.3 30.2 646.0
CHI.4 363.5 263.8 N.4 65.9 392.8
CHI.5 87.8 1418.8 N.5 132.7 388.6
CHI.6 329.8 1485.5 N.6 -9.6 471.7
CHI.7 602.2 159.4 N.7 38.3 471.8
CHI.8 471.4 204.0 N.8 13.0 486.1
CHI.9 101.5 1359.4 N.9 27.1 434.1
CHI.10 360.6 185.2 N.10 11.8 720.3
CHI.11 473.9 524.8 N.11 -1.4 429.6
CHI.12 504.4 185.2 N.12 12.5 414.2
CHI.13 248.7 1045.9 N.13 71.3 381.8

Mean 360.0 640.1 52.3 505.8
SD 150.2 505.0 55.6 124.1
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