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•  Rasmussen’s	
  Encephali4s	
  
–  symptoms:	
  frequent	
  and	
  severe	
  
seizures,	
  loss	
  of	
  motor	
  skills	
  and	
  
speech,	
  hemiparesis	
  (paralysis	
  
on	
  one	
  side	
  of	
  the	
  body),	
  and	
  
eventually,	
  demen+a	
  

How	
  can	
  a	
  child	
  func+on	
  without	
  half	
  of	
  her	
  
brain?	
  	
  	
  	
  What	
  are	
  the	
  limita+ons	
  to	
  the	
  
brain’s	
  ability	
  to	
  adapt?	
  	
  

–  treatment:	
  hemispherectomy	
  

The	
  brain	
  is	
  amazingly	
  
complex.	
  

Parietal:	
  somatosensory	
  
percep:on,	
  body	
  sense,	
  

spa:al	
  vision	
  

Occipital:	
  
vision	
  

Temporal:	
  auditory	
  and	
  
speech	
  percep:on,	
  long-­‐

term	
  memory,	
  object	
  vision	
  

Frontal:	
  motor	
  
control,	
  working	
  

memory,	
  execu:ve	
  
func:ons	
  

Major	
  changes	
  in	
  brain	
  development	
  
occur	
  prenatally.	
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Basic	
  building	
  blocks	
  of	
  the	
  brain	
  

Restak,	
  2001.	
  The	
  Secret	
  Life	
  of	
  the	
  Brain.	
  

Neurons	
  &	
  Glia	
  

 
 
9.2 Pyramidal neurons 

x By far the most common type of spiny neuron, and the most common type of neuron 
overall, in the cortex (about 70% of all neurons in the cortex are pyramidal neurons). 

x The name refers to the pyramid-shaped cell body.   
x Pyramidal neurons have a prominent apical dendrite that extends towards the cortical 

surface.   Near the cell body, they have a set of basilar dendrites.   
x Pyramidal neurons are the primary output neuron of the cortex. 
x Their axons project to other cortical areas, and to subcortical targets. 

 

N. Atkins, Beckman Institute

Vernon B. Mountcastle, Perceptual Neuroscience:
The Cerebral Cortex. Harvard University Press, 1998. 

Axon	
  

Myelin	
  

Dendrites	
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Growing	
  axons	
  must	
  sample	
  their	
  local	
  environments	
  
to	
  determine	
  which	
  direc:on	
  to	
  grow.	
  

Axons	
  carry	
  electrical	
  and	
  chemical	
  signals	
  from	
  the	
  
ac:ve	
  neuron	
  to	
  other	
  neurons	
  in	
  the	
  network.	
  

Bloom,	
  F.,	
  Nelson,	
  C.,	
  and	
  Lazerson,	
  A.,	
  2001.	
  Brain,	
  Mind,	
  and	
  Behavior	
  	
  (3rd	
  Ed).	
  

25	
  wks	
   27	
  wks	
   32	
  wks	
  

Volpe (1995), Neurology of the Newborn (3rd ed., p. 72, figs. 2-38), Philadelphia: W.B. Saunders Company.   

Dendrites	
  “listen”	
  to	
  the	
  ac:vity	
  of	
  other	
  neurons	
  
in	
  the	
  network.	
  

Dendrites	
  develop	
  prenatally	
  during	
  the	
  third	
  
trimester	
  of	
  pregnancy.	
  

Image	
  downloaded	
  from	
  h`p://kvhs.nbed.nb.ca	
  

Some	
  glial	
  cells	
  can	
  generate	
  myelin,	
  an	
  
insula:ng	
  layer	
  that	
  speeds	
  up	
  the	
  signal	
  

transmission	
  along	
  an	
  axon.	
  

*	
  Lack	
  of	
  myelin	
  can	
  result	
  in	
  poorer	
  motor	
  control	
  and	
  slower	
  thinking.	
  

Wiring	
  the	
  brain	
  is	
  a	
  	
  
developmental	
  process.	
  

Figure	
  provided	
  by	
  Charles	
  A	
  Nelson.	
  Ph.D.	
  

Connec4ons	
  
between	
  
neurons	
  are	
  
refined	
  aEer	
  
birth.	
  

The	
  brain	
  is	
  not	
  pre-­‐wired	
  for	
  func:on.	
  	
  	
  
Input	
  from	
  the	
  environment	
  is	
  essen:al	
  for	
  many	
  
aspects	
  of	
  typical	
  brain	
  development.	
  

Restak,	
  R.	
  (2001).	
  The	
  Secret	
  Life	
  of	
  the	
  Brain.	
  	
  

Light	
  is	
  translated	
  into	
  a	
  neuronal	
  signal	
  
by	
  the	
  re:na,	
  and	
  this	
  neuronal	
  firing	
  
ini:ates	
  the	
  func:onal	
  development	
  of	
  
visual	
  regions	
  of	
  the	
  brain.	
  

Development	
  of	
  the	
  brain’s	
  visual	
  
system	
  requires	
  light	
  input	
  into	
  the	
  eye.	
  	
  	
  

Auditory	
  cortex	
  can	
  become	
  visual	
  
cortex	
  if	
  it	
  receives	
  visual	
  input.	
  

The	
  infant	
  brain	
  performs	
  some	
  tasks	
  
be`er	
  than	
  the	
  adult	
  brain.	
  

Pascalis,	
  de	
  Haan,	
  &	
  Nelson,	
  2002,	
  Science.	
  

Johnson & Morton, 1991, Psychological Review 
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Infants	
  are	
  world	
  language	
  learners.	
  

Six-­‐month-­‐olds	
  can	
  discriminate	
  speech	
  sounds	
  
that	
  their	
  parents	
  cannot.	
  

With	
  development,	
  we	
  sacrifice	
  some	
  of	
  
our	
  flexibility	
  for	
  efficiency	
  and	
  exper:se.	
  

How	
  is	
  the	
  infant	
  brain	
  “beCer”	
  at	
  these	
  tasks?	
  

Use	
  it	
  or	
  lose	
  it.	
  

The	
  brain	
  is	
  flexible	
  
and	
  learns	
  from	
  
experience.	
  

Speech	
  percep:on	
  

En
gl
ish

	
  
Plas:city	
  can	
  also	
  leave	
  us	
  vulnerable	
  to	
  
nega:ve	
  environments	
  &	
  experiences.	
  

Prenatal	
  Drug	
  Exposure	
  

Environmental	
  Toxins	
  

Maternal	
  Infec:on	
  

Malnutri:on	
  

Depriva:on	
  &	
  Maltreatment	
  

Hypoxia	
  (lack	
  of	
  oxygen)	
  

Premature	
  Birth	
  

The	
  prefrontal	
  cortex	
  seems	
  to	
  be	
  especially	
  
vulnerable	
  to	
  early	
  adverse	
  experience.	
  

www.wisegeek.org	
  

• Prematurity	
  
• Malnutri:on	
  
• Depriva4on	
  
• Maltreatment	
  

Example:	
  	
  Orphanage	
  care	
   Depriva:on	
  is	
  associated	
  with:	
  
•  Speech	
  and	
  motor	
  delays	
  
•  Learning	
  difficul:es	
  
•  Behavior	
  problems	
  
•  Increased	
  anxiety	
  
•  Social	
  isola:on	
  
•  Being	
  bullied	
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Early	
  orphanage	
  rearing	
  is	
  associated	
  with	
  
smaller	
  prefrontal	
  cortex	
  in	
  adolescence.	
  

Hodel et al, 2015, NeuroImage 

These	
  effects	
  did	
  not	
  vary	
  as	
  a	
  func:on	
  of	
  	
  
the	
  dura:on	
  of	
  depriva:on.	
  

Differences in brain activity do not 
always explain differences in behavior. 

Both early and later adopted 
youth showed altered activity in 
the prefrontal cortex.   

Activity in the parietal cortex 
varied by age at adoption, and 
was correlated with task 
performance. However, this activity did not 

explain performance on the task. 
Thomas et al, (2015), abstract 

Posi:ve	
  environments	
  can	
  result	
  in	
  
posi:ve	
  effects	
  on	
  brain	
  development.	
  

Images	
  courtesy	
  of	
  William	
  Greenough	
  

Lack	
  of	
  sufficient	
  resources	
  can	
  	
  
disrupt	
  maternal	
  care.	
  

Baram et al (2008) Neuroscience 

Lack	
  of	
  nes:ng	
  materials	
  (early	
  stress,	
  ES)	
  
leads	
  to	
  disrupted	
  maternal	
  care.	
  

http://www.pbs.org/wgbh/nova/nature/genes-behavior.html 

h`p://www.workingmomsbreak.com/2010/04/12/mothers-­‐and-­‐the-­‐rat-­‐race/	
  

Environmental	
  enrichment	
  can	
  prevent	
  stress-­‐
related	
  cogni:ve	
  outcomes	
  in	
  adulthood.	
  

Bredy et al (2003) Neuroscience  

Maternal	
  care	
  

h`p://www.noldus.com/animal-­‐behavior-­‐
research/research-­‐learning-­‐and-­‐memory-­‐rodents	
  

h`p://www.neuralwiki.org/index.php?
:tle=NMDA_mediated_learning_and_memory	
  

Object	
  Discrimina:on	
  

Morris	
  Water	
  Maze	
  
Maternal	
  Care	
  x	
  Environment	
  

Behavioral	
  interven:ons	
  can	
  change	
  
the	
  brain	
  in	
  children.	
  

Behavioral	
  interven:ons	
  in	
  children	
  with	
  dyslexia	
  have	
  resulted	
  in	
  
more	
  typical	
  ac:va:on	
  and	
  stronger	
  white	
  ma`er	
  connec:ons	
  in	
  
brain	
  systems	
  involved	
  in	
  reading	
  and	
  phonological	
  awareness.	
  

Temple et al (2003), PNAS 

Klingberg et al (2000), Neuron 
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Some	
  individuals	
  show	
  resilience,	
  	
  
even	
  in	
  the	
  face	
  of	
  adverse	
  condi:ons.	
  

Like	
  dandelions,	
  they	
  can	
  grow	
  just	
  about	
  anywhere.	
  
Concepts from Ellis & Boyce (2008), Curr Dir Psych Sci 

Others	
  individuals	
  are	
  highly	
  sensi:ve	
  to	
  
their	
  environment.	
  

Like	
  orchids,	
  when	
  given	
  the	
  perfect	
  environment,	
  they	
  
will	
  thrive	
  and	
  surpass	
  dandelions.	
  	
  But,	
  they	
  wither	
  and	
  
wilt	
  without	
  the	
  necessary	
  care	
  and	
  a`en:on.	
  

Concepts from Ellis & Boyce (2008), Curr Dir Psych Sci 

Interim Summary
•  Biology and environment cannot be viewed independently.  

Brain development is tuned by experience in the world. 

•  Plasticity mechanisms allow us to take advantage of 
learning opportunities, but also leave us vulnerable to 
adverse experiences. 

•  Some individuals are more sensitive to the environment 
than others. 

•  Interventions provide means by which we can harness or 
potentially even enhance plasticity.

Implica:ons	
  for	
  Learning	
  and	
  Early	
  
Educa:on:	
  Early	
  Mathema+cal	
  Thinking	
  

	
  

	
  
	
  
	
  
	
  
	
  

80,246 

91,963 
~40% of  students only 
partially meet, or fail to 
meet, math achievement 
standards. 
 

  
Many	
  children	
  in	
  MN*	
  are	
  at	
  risk	
  for	
  poor	
  math	
  outcomes	
  

Since	
  many	
  aspects	
  of	
  math	
  achievement	
  are	
  malleable,	
  we	
  can	
  raise	
  both	
  “ends”	
  
of	
  the	
  “curve”	
  and	
  thereby	
  promote	
  beOer	
  math	
  outcomes	
  for	
  all	
  students.	
  

*similar	
  to	
  rates	
  across	
  
other	
  U.S.	
  States	
  

Why	
  focus	
  on	
  mathema:cs?	
  
Early	
  math	
  achievement	
  is	
  correlated	
  with	
  several	
  
indicators	
  of	
  quality	
  of	
  life	
  later	
  in	
  development:	
  
•  academic	
  success,	
  employment,	
  occupa+onal	
  success.	
  
•  health	
  outcomes	
  –	
  e.g.,	
  health	
  care	
  risk	
  assessment	
  and	
  

decisions	
  (e.g.,	
  Reyna	
  &	
  Bainard,	
  2007)	
  
•  financial	
  and	
  social	
  decision	
  making	
  (McCloskey,	
  2007)	
  
•  daily	
  skills:	
  remembering	
  numbers,	
  judging	
  :me	
  to	
  arrival,	
  

planning	
  schedules	
  and	
  travel	
  routes,	
  budge:ng;	
  solving	
  
problems	
  

•  leisure	
  ac+vi+es	
  sports,	
  cooking,	
  card	
  and	
  board	
  games,	
  
home	
  improvement,	
  wide	
  range	
  of	
  hobbies/interests	
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Does	
  early	
  math	
  ma-er?	
  	
  YES	
  
Number	
  Systems	
  Knowledge	
  from	
  Grades	
  1	
  to	
  5	
  for	
  7th	
  Graders	
  in	
  
the	
  boOom	
  (Low),	
  the	
  two	
  middle	
  (Average),	
  and	
  top	
  (High)	
  
quar4les	
  numeracy	
  measures.	
  

Geary	
  DC,	
  Hoard	
  MK,	
  Nugent	
  L,	
  Bailey	
  DH	
  (2013)	
  
Adolescents’	
  Func:onal	
  Numeracy	
  Is	
  Predicted	
  by	
  Their	
  School	
  
Entry	
  Number	
  System	
  Knowledge.	
  PLoS	
  ONE	
  8(1)	
  

VOLUME 40, NUMBER 5, SEPTEMBER/OCTOBER 2007 471

and number of errors. The non-MLD
group did not differ from the MLD-10
group (p = .30) but had a faster re-
sponse time than the MLD-11–25 group
(p = .001). The MLD-10 group did not
differ in response time from the MLD-
11–25 group (p = .30). With regard to
the number of errors, the non-MLD
group had fewer errors than the MLD-
11–25 group (p = .005) and the MLD-10
group (p < .001). The MLD-11–25
group did not differ from the MLD-10
group (p = .10).

Counting Trials. A univariate
ANOVA was conducted separately for
each grade on the total correct score,
the number of times the child an-
swered “correct” when the counting
was correct (hits), and the number of
times the child answered “incorrect”
when the counting was incorrect (true
negatives). When appropriate, follow-
up testing was conducted using Fisher’s
LSD procedure to control the family-
wise alpha. In first grade, group differ-
ences were found for the total correct
score, F(2, 207) = 30.87, p < .001. The

non-MLD group had a higher total cor-
rect score than both MLD groups (ps <
.001). The total correct score of the
MLD-11–25 group also exceeded the
score of the MLD-10 group (p = .002).
These group differences in total correct
score were not due to differences in the
number of hits, F(2, 207) = 0.75, p = .47,
but rather to differences in true nega-
tives, F(2, 207) = 32.73, p < .001. Specif-
ically, the non-MLD group was more
likely than either MLD group to cor-
rectly identify counting errors (ps <
.001). The MLD-11–25 group was also
more likely to identify counting errors
than the MLD-10 group (p = .004).

The pattern of results observed in
second grade was fairly consistent
with the first-grade pattern. The groups
differed in the total correct score, F(2,
206) = 29.34, p < .001, and identification
of true negatives, F(2, 206) = 31.35, p <
.001. The non-MLD group had a higher
total correct score than both MLD
groups (ps ≤ .001). The total correct
score of the MLD-11–25 group ex-
ceeded the score of the MLD-10 group
(p < .001). The non-MLD group was

also more likely than the MLD-11–25
group (p = .01) and the MLD-10 group
(p < .001) to correctly identify counting
errors (true negatives), whereas the
MLD-11–25 group was better at iden-
tifying such errors than the MLD-10
group (p < .001). Furthermore, the
math groups differed on identification
of correct counting (hits), F(2, 206) =
4.53, p = .01; however, this result is not
clinically significant, because perfor-
mance in all three of the groups was
90% or higher, which suggests mastery
of the concepts being measured. Out of
10 possible hits, the mean numbers in
the non-MLD, MLD-11–25, and MLD-
10 groups were 9.52, 9.05, and 9.41, re-
spectively.

Discussion

Studies in the area of MLD have relied
on a range of cutoff scores to define
poor math performance. As a result of
the varying cutoffs used, the findings
across studies may reflect either a core
group of children who meet criteria for

FIGURE 2. TEMA-2 quotient scores by grade based on math ability group
membership. MLD = mathematics learning disability; MLD-10 = participants
with math performance consistently below the 10th percentile; MLD-11–25 =
participants with math performance consistently between the 11th and 25th
percentiles; non-MLD = participants with math performance consistently
above the 25th percentile.

At	
  or	
  Above	
  Average	
  

Low	
  Average	
  

<11	
  percen4le	
  

Murphy,	
  Mazzocco,	
  Hanich,	
  &	
  Early	
  2007,	
  Journal	
  of	
  Learning	
  Disabili+es	
  

Te
st
	
  o
f	
  E

ar
ly
	
  M

at
he

m
a:

cs
-­‐2
	
  

Kindergarten	
  
number	
  skills	
  
predicted	
  
which	
  children	
  
would	
  remain	
  
in	
  this	
  lowest	
  
performing	
  
group	
  four	
  
years	
  later.	
  

Trajectory	
  of	
  Mean	
  Test	
  of	
  Early	
  Math	
  Ability	
  Scores	
  from	
  	
  
Grades	
  K	
  to	
  3,	
  same	
  students	
  over	
  4me,	
  	
  for	
  students	
  
	
  with	
  scores	
  in	
  the	
  boOom	
  10%,	
  11-­‐25%,	
  and	
  >25%iles.	
  

KINDERGARTEN	
   GRADE	
  1	
   GRADE	
  2	
   GRADE	
  3	
  

9	
  
2	
  

13	
   13	
   12	
  

A-­‐K	
   A-­‐1	
   A-­‐2	
   A-­‐3	
  

TEMA-­‐2	
  <	
  86	
  
n=24	
  

TEMA-­‐2	
  <	
  92	
  
n=19	
  

TEMA	
  <	
  91	
  
n=20	
  
	
  

TEMA-­‐2	
  <	
  92	
  
n=17	
  

3	
  
3	
  

1	
   7	
  

B-­‐K	
   B-­‐1	
   B-­‐2	
   B-­‐3	
  

TEMA-­‐2	
  86-­‐94	
  

n=41	
  
	
  

22	
  

4	
   5	
  TEMA-­‐2	
  92-­‐97	
  

n=35	
  
TEMA-­‐2	
  	
  
91-­‐99	
  

n=33	
  

TEMA-­‐2	
  92-­‐101	
  

n=38	
  
14	
   18	
   15	
  

5	
  

13	
   13	
  

16	
  
12	
  

3	
  12	
  1	
  
C-­‐K	
   C-­‐1	
   C-­‐2	
   C-­‐3	
  

140	
  140	
  131	
  

TEMA-­‐2	
  ≥	
  95	
  

n=144	
  
	
  
	
  

TEMA-­‐2	
  ≥	
  98	
  

n=155	
  
	
  
	
  

TEMA-­‐2	
  	
  
≥100	
  

n=156	
  
	
  
	
  

TEMA-­‐2	
  ≥	
  102	
  

n=154	
  
	
  
	
  

Low	
  Achieving	
  

<	
  11th	
  percen:le	
  

At	
  or	
  above	
  average	
  

Children’s	
  math	
  performance	
  levels	
  change	
  over	
  4me	
   Mazzocco	
  &	
  Myers,	
  2001	
  

Math	
  Content	
  
	
  
Math	
  skills/	
  
approaches	
  to	
  
learning	
  
	
  
Informal	
  math	
  
experiences	
  

What	
  influences	
  an	
  individual	
  child’s	
  early	
  math	
  trajectory?	
  

	
  
Number	
  

	
  whole	
  numbers	
  
	
  opera:ons	
  
	
  rela:ons	
  

	
  Geometry	
  
	
  shape	
  awareness	
  
	
  spa:al	
  rela:ons	
  
	
  measurement	
  

[Pa`erns]	
  

Focus	
  on	
  appropriate	
  content	
  	
  
	
  	
  	
  	
  	
  in	
  early	
  childhood	
  (NRC	
  2009)	
  

(NRC	
  2009)	
  

What is the focus of  early math 
instruction in the U.S.? 

What	
  is	
  the	
  focus	
  of	
  early	
  mathema4cs	
  educa4on?	
  
U.S.	
  	
  	
  	
  (67	
  teachers)	
   China	
  	
  (74	
  teachers)	
  

3	
  year	
  olds	
   Coun:ng	
   Sor:ng	
  and	
  sequences	
  

4	
  year	
  olds	
   Coun:ng	
   Coun:ng	
  to	
  10	
  

5	
  year	
  olds	
   Coun:ng	
   Addi:on;	
  Coun:ng	
  to	
  20	
  

4	
  to	
  5	
  year	
  olds	
   Decomposi:on/composi:on	
  

4	
  to	
  5	
  year	
  olds	
   Neighbor	
  numbers	
  

4	
  to	
  5	
  year	
  olds	
   Ordinal	
  numbers	
  

*Li,	
  Chi,	
  DeBey,	
  &	
  Baroody	
  (in	
  press)	
  	
  
A	
  study	
  of	
  early	
  childhood	
  mathema:cs	
  teaching	
  in	
  U.S.	
  and	
  China	
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•  Conceptual	
  
understanding	
  

•  Procedural	
  fluency	
  
•  Strategic	
  competence	
  
•  Adap+ve	
  reasoning	
  
•  Produc+ve	
  disposi+on	
  

A`end	
  to	
  the	
  essen:al	
  elements	
  of	
  	
  	
  	
  	
  
	
  	
  	
  	
  math	
  proficiency	
  (NRC	
  2001)	
  

Promote	
  early	
  experiences	
  in	
  areas	
  that	
  make	
  
affect	
  math	
  skills	
  and	
  achievement	
  

Math	
  
Skills	
  and	
  	
  

Achievement	
  

Social	
  and	
  
environmental	
  

factors	
  

Domain	
  
specific	
  skills	
  
Number,	
  
space	
  

Domain	
  
general	
  
cogni4ve	
  
skills	
  

	
  

“Productive disposition”

Math is important, useful, 
and achievable with effort

Research demonstrates that math dispositions are:
•  Emerge in early grades (Beilock et al., Mazzocco et al., 2012)

•  influenced early in life  
•  malleable…  
•  and measurable

Whole-brain and Region of Interest regression results with math-  
or word-cues and tasks. 

Lyons	
  IM,	
  Beilock	
  SL	
  (2012)	
  When	
  Math	
  Hurts:	
  Math	
  Anxiety	
  Predicts	
  Pain	
  Network	
  Ac:va:on	
  in	
  An:cipa:on	
  of	
  Doing	
  Math.	
  PLoS	
  ONE	
  
7(10):	
  e48076.	
  doi:10.1371/journal.pone.0048076	
  

INSp:	
  dorso-­‐
posterior	
  insula	
  	
  
	
  
MCC:	
  mid-­‐
cingulate	
  cortex	
  
	
  
CSd:	
  dorsal	
  
central	
  sulcus	
  
(not	
  pictured)	
  
	
  
ROIs	
  implicated	
  
in	
  pain	
  
percep+on	
  

TASKS:   
 

Problem verification: 
True or false?   
2(7 + 4) = 30  
 
Word verification:   
Is the reverse a word?  
 noollab   
	
  
PRECEDED BY CUE  
 
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  

Whole-­‐brain	
  and	
  ROI	
  regression	
  results	
  with	
  math-­‐	
  or	
  word-­‐cues	
  and	
  tasks	
  

Lyons	
  IM,	
  Beilock	
  SL	
  (2012)	
  When	
  Math	
  Hurts:	
  Math	
  Anxiety	
  Predicts	
  Pain	
  Network	
  Ac:va:on	
  in	
  An:cipa:on	
  of	
  Doing	
  Math.	
  PLoS	
  ONE	
  
7(10):	
  e48076.	
  doi:10.1371/journal.pone.0048076	
  

mid-­‐cingulate	
  cortex	
  

Higher	
  math	
  anxiety	
  is	
  linked	
  to	
  greater	
  ac4vity	
  in	
  regions	
  associated	
  with	
  visceral	
  threat	
  detec4on,	
  and	
  oEen	
  the	
  experience	
  
of	
  pain	
  itself	
  (bilateral	
  dorso-­‐posterior	
  insula;	
  mid-­‐cingulate	
  cortex)	
  seen	
  when	
  an4cipa4ng,	
  but	
  not	
  engaged	
  in,	
  a	
  math	
  task.	
  	
  	
  

Rivera	
  et	
  al.,	
  2005	
  

Areas	
  of	
  increased	
  	
  
Brain	
  ac4vity	
  with	
  age	
  

Areas	
  of	
  decreased	
  	
  
Brain	
  ac4vity	
  with	
  age	
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Wynn, K. (1992). Addition and subtraction by human infants. 
Nature, 358, 749-750. 

© 1992 Nature  Publishing Group

On	
  the	
  one	
  hand,	
  number	
  skills	
  are	
  intui:ve	
  at	
  an	
  early	
  age,	
  for	
  small	
  numbers…	
  

McCrink,	
  K.,	
  &	
  	
  Wynn,	
  K.	
  (2004)	
  	
  Psychological	
  Science	
  	
  

…	
  and	
  for	
  larger	
  numbers,	
  but…	
  

14:7       2:1 

Halberda et al., PNAS (2012) 

to make their decision. A person with a more precise ANS will
make faster andmore accurate number decisions on the ANS dots
test, whereas a person with a “noisier,” more variable ANS will
perform more poorly and take a longer time to answer, often
feeling that they are unsure whether there weremore blue ormore
yellow dots.
Fig. 2A displays ANS precision (w, RT) and self-reported school

mathematics ability (N = 10,548) from experiment 1—each per-
son is represented by a dot, with the color of their dot indexing
their self-reported school mathematics ability and the position of
their dot indexing theirw andRT scores on the ANS dots test. The
diamond and circle insets were chosen to fall along the diagonal
and their expansion appears at the top of Fig. 2A (magnification of
×7). Although the scatterplot of Fig. 2A displays the data in a raw
form, the diamond and circle magnifications suggest that partic-
ipants with better ANS precision (i.e., faster RT and lower w; Fig.
2A, diamond) tended to report being better in school mathematics
relative to their peers (i.e., Fig. 2A, red/magenta) whereas par-
ticipants with poorer ANS precision (i.e., slower RT and higher w;

Fig. 2A, circle) tended to report being worse in schoolmathematics
relative to their peers (i.e., variously colored, including many cyan/
green; Fig. 2A). We explored these possible trends in detail.
The large size of our sample allowed us to investigate the

presence and stability of the relationship between ANS precision
(w, RT) and school mathematics ability across ages (11–85 y). In
the most basic analysis, a linear regression that included w and RT
as predictors revealed that ANS precision (w, RT) significantly
correlated with self-reported school mathematics ability collaps-
ing across ages (Table 1). Next, dividing subjects into 10 roughly
equal age deciles and performing this linear regression within each
age group revealed that ANS precision (w, RT) significantly cor-
related with self-reported school mathematics ability (Table 1)
across the age span, and the r values for w and RT remained fairly
stable, suggesting that ANS precision (w, RT) and self-reported
school mathematics ability were related across ages (an alternative
depiction of this result using β-weights is provided in Fig. S1). We
further investigated the stability of this relationship by controlling
for age and running a linear regression relating mathematics
ability to ANS precision (w, RT). Our sample size allowed us to
subtract each age’s mean score from the individual scores within
that age, creating age-controlled residuals without having to
model any age-related curve (a powerful approach that avoids the
vagaries of model selection). This approach revealed that ANS
precision (w, RT) and school mathematics ability related irre-
spective of age (w, P < 1 × 10−89; RT, P < 1 × 10−21; w and RT, r=
−0.21). These results suggest that a modest but consistent re-
lationship between a brief assessment of ANS precision and an
answer to a single self-reported query of school mathematics
performance relative to peers is observable during the school years
and remains observable throughout our entire lives, well after
having completed formal schooling (e.g., age 85 y).
Traditional laboratory-based psychological research typically

involves homogenous samples of tens of people (e.g., a small

BA

Fig. 1. Method. (A) A trial from the ANS dots test in which it is easier to tell
that there are more yellow than blue dots with a brief glance. (B) A trial
from the ANS dots test in which it is more challenging to tell that there are
bluer than yellow dots with a brief glance.

A B

C

Fig. 2. Group performance. (A) Scatterplot of self-reported school mathematics ability raw score as a function of ANS precision (w, RT) across all ages (N =
10,548). Insets: Diamond and circle, magnifications of ×7 of small, uncrowded regions along the diagonal. The color differences within these insets, and
similarly, any other positions along a diagonal in the image, suggest that participants in the lower left (i.e., better ANS performance with lower RT and lower
w; diamond) tended to report being better in school mathematics (i.e., red/magenta) whereas participants in the upper right (i.e., poorer ANS performance
with higher RT and higher w; circle) tended to report being worse in school mathematics relative to their peers (i.e., variously colored, including many cyan/
green). (B) Decile plot of mathematics ability averages for each w/RT decile pair constructed by placing the highest and lowest averages at the extreme color
values (i.e., red, yellow) and allowing the remaining averages to fall between these on a linear scale. (C) Ten decile plots of mathematics ability for each age
group from Table 1 constructed by placing the highest and lowest averages in each group at the extreme color values (i.e., red, yellow) and allowing the
remaining averages to fall between these on a linear scale; e.g., first age decile plotted as graph 1.

Halberda et al. PNAS | July 10, 2012 | vol. 109 | no. 28 | 11117
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Even	
  ‘basic’	
  intui:ve	
  number	
  skills	
  con:nue	
  to	
  develop	
  through	
  the	
  lifespan.	
  

Three non symbolic 

symbolic 

From	
  Anno’s	
  coun:ng	
  book	
  

Formal	
  representa:ons	
  of	
  quan::es	
  are	
  learned,	
  gradually,	
  over	
  a	
  protracted	
  period	
  

Associations between Approximate Number System accuracy 
(intuitive performance) and RAN Number or Letter subtest reaction 

times (formal number skill of number naming) 
(adjusted for age and grade at testing) 

Source:	
  Mazzocco	
  MMM,	
  Feigenson	
  L,	
  Halberda	
  J	
  (2011)	
  Preschoolers'	
  Precision	
  of	
  the	
  Approximate	
  Number	
  System	
  Predicts	
  Later	
  School	
  
Mathema:cs	
  Performance.	
  PLoS	
  ONE	
  6(9):	
  e23749.	
  doi:10.1371/journal.pone.0023749	
  
h`p://127.0.0.1:8081/plosone/ar:cle?id=info:doi/10.1371/journal.pone.0023749	
  

Intui:ve	
  number	
  skills	
  predict	
  formal	
  math	
  skills,	
  	
  
but	
  other	
  factors	
  also	
  contribute.	
  	
  

 

Age	
  
measured	
  (n)	
  

Correlated	
  w/	
  
math	
  at	
  age:	
  

R2	
  	
  	
  

value(s)	
  
Cita4on	
  

14 years (64) 5 – 11 years; 
TEMA-2; WJR 
Calc 
15 (PSAT) 

.13 to  
.33 

(mean 
= .23) 

Halberda, Mazzocco, 
Feigenson, 2008; 
Mazzocco et al., 2011 

3 years (17) 5 – 6 years 
(TEMA-3) 

.278 Mazzocco, Feigenson, 
Halberda, 2011a 

6 months 3.5 years 
(TEMA-3) 

.28 Starr, Libertus, & 
Brannon, 2013 

to make their decision. A person with a more precise ANS will
make faster andmore accurate number decisions on the ANS dots
test, whereas a person with a “noisier,” more variable ANS will
perform more poorly and take a longer time to answer, often
feeling that they are unsure whether there weremore blue ormore
yellow dots.
Fig. 2A displays ANS precision (w, RT) and self-reported school

mathematics ability (N = 10,548) from experiment 1—each per-
son is represented by a dot, with the color of their dot indexing
their self-reported school mathematics ability and the position of
their dot indexing theirw andRT scores on the ANS dots test. The
diamond and circle insets were chosen to fall along the diagonal
and their expansion appears at the top of Fig. 2A (magnification of
×7). Although the scatterplot of Fig. 2A displays the data in a raw
form, the diamond and circle magnifications suggest that partic-
ipants with better ANS precision (i.e., faster RT and lower w; Fig.
2A, diamond) tended to report being better in school mathematics
relative to their peers (i.e., Fig. 2A, red/magenta) whereas par-
ticipants with poorer ANS precision (i.e., slower RT and higher w;

Fig. 2A, circle) tended to report being worse in schoolmathematics
relative to their peers (i.e., variously colored, including many cyan/
green; Fig. 2A). We explored these possible trends in detail.
The large size of our sample allowed us to investigate the

presence and stability of the relationship between ANS precision
(w, RT) and school mathematics ability across ages (11–85 y). In
the most basic analysis, a linear regression that included w and RT
as predictors revealed that ANS precision (w, RT) significantly
correlated with self-reported school mathematics ability collaps-
ing across ages (Table 1). Next, dividing subjects into 10 roughly
equal age deciles and performing this linear regression within each
age group revealed that ANS precision (w, RT) significantly cor-
related with self-reported school mathematics ability (Table 1)
across the age span, and the r values for w and RT remained fairly
stable, suggesting that ANS precision (w, RT) and self-reported
school mathematics ability were related across ages (an alternative
depiction of this result using β-weights is provided in Fig. S1). We
further investigated the stability of this relationship by controlling
for age and running a linear regression relating mathematics
ability to ANS precision (w, RT). Our sample size allowed us to
subtract each age’s mean score from the individual scores within
that age, creating age-controlled residuals without having to
model any age-related curve (a powerful approach that avoids the
vagaries of model selection). This approach revealed that ANS
precision (w, RT) and school mathematics ability related irre-
spective of age (w, P < 1 × 10−89; RT, P < 1 × 10−21; w and RT, r=
−0.21). These results suggest that a modest but consistent re-
lationship between a brief assessment of ANS precision and an
answer to a single self-reported query of school mathematics
performance relative to peers is observable during the school years
and remains observable throughout our entire lives, well after
having completed formal schooling (e.g., age 85 y).
Traditional laboratory-based psychological research typically

involves homogenous samples of tens of people (e.g., a small

BA

Fig. 1. Method. (A) A trial from the ANS dots test in which it is easier to tell
that there are more yellow than blue dots with a brief glance. (B) A trial
from the ANS dots test in which it is more challenging to tell that there are
bluer than yellow dots with a brief glance.

A B

C

Fig. 2. Group performance. (A) Scatterplot of self-reported school mathematics ability raw score as a function of ANS precision (w, RT) across all ages (N =
10,548). Insets: Diamond and circle, magnifications of ×7 of small, uncrowded regions along the diagonal. The color differences within these insets, and
similarly, any other positions along a diagonal in the image, suggest that participants in the lower left (i.e., better ANS performance with lower RT and lower
w; diamond) tended to report being better in school mathematics (i.e., red/magenta) whereas participants in the upper right (i.e., poorer ANS performance
with higher RT and higher w; circle) tended to report being worse in school mathematics relative to their peers (i.e., variously colored, including many cyan/
green). (B) Decile plot of mathematics ability averages for each w/RT decile pair constructed by placing the highest and lowest averages at the extreme color
values (i.e., red, yellow) and allowing the remaining averages to fall between these on a linear scale. (C) Ten decile plots of mathematics ability for each age
group from Table 1 constructed by placing the highest and lowest averages in each group at the extreme color values (i.e., red, yellow) and allowing the
remaining averages to fall between these on a linear scale; e.g., first age decile plotted as graph 1.
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Posi4ve	
  correla4on	
  between	
  ac:va:on	
  in	
  	
  
lex	
  supramarginal	
  gyrus	
  ac:va:on	
  
(associated	
  with	
  fact	
  retrieval)	
  and	
  PSAT	
  
Math	
  (corrected	
  for	
  PSAT	
  reading)	
  

Price,	
  Mazzocco,	
  &	
  Ansari,	
  2013	
  

Nega4ve	
  correla4on	
  between	
  ac:va:on	
  
in	
  	
  right	
  intraparietal	
  sulcus	
  (associated	
  
with	
  number	
  processing*)	
  and	
  PSAT	
  Math	
  
(corrected	
  for	
  PSAT	
  reading)	
  

	
  	
  7	
  +	
  2	
  =	
  9	
  	
  	
  	
  	
  	
  	
  4	
  +	
  2	
  =	
  6	
  

Differences	
  in	
  number	
  
processing	
  persist	
  
throughout	
  the	
  lifespan.	
  

• Main	
  effect	
  of	
  condi:on
– F(1,30)=48.32,	
  p<.001,	
  
– 	
  η2=.617	
  

• SC	
  (shape,	
  color)
• LP	
  (loca:on,	
  pa`ern)

0	
  

0.1	
  

0.2	
  

0.3	
  

0.4	
  

0.5	
  

SC	
   LP	
  

Pe
rc
en

t	
  F
irs
t	
  C

ho
ic
e	
  
Fr
eq

ue
nc
y	
  

First	
  Choice	
  Frequency	
  by	
  Condi4on	
  

Number	
   Orienta:on	
  

	
  
Chan	
  &	
  Mazzocco,	
  in	
  prepara:on	
  

Context	
  affects	
  frequency	
  of	
  preschool	
  children’s	
  awareness	
  of	
  
number,	
  such	
  that	
  this	
  awareness	
  can	
  be	
  manipulated.	
  

Take	
  home	
  messages	
  
There	
  is	
  more	
  to	
  number	
  (and	
  to	
  early	
  math)	
  
than	
  coun;ng!	
  	
  

Produc;ve	
  disposi;on	
  	
  
– important	
  for	
  math	
  proficiency	
  
– emerges	
  early	
  
– influenced	
  by	
  adults

Domain	
  general	
  skills	
  	
  
support	
  mathema:cal	
  thinking	
  and	
  learning	
  

Early	
  exposure	
  to	
  numbers,	
  shape,	
  and	
  early	
  
mathema;cs	
  talk	
  –	
  it	
  makes	
  a	
  difference!	
  

Early	
  risk	
  is	
  not	
  a	
  predetermined	
  outcome!	
  

Early	
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