
1	
  



Earth	
  at	
  night	
  seen	
  from	
  space	
  has	
  changed	
  drama�cally	
  compared	
  to	
  a	
  century	
  and	
  
a	
  half	
  ago.	
  	
  At	
  the	
  beginning	
  of	
  this	
  decade,	
  it	
  was	
  observed	
  that	
  about	
  a	
  third	
  of	
  
adults	
  in	
  the	
  US	
  are	
  not	
  ge�ng	
  the	
  recommended	
  sleep	
  dura�on.	
  In	
  East	
  Asia	
  where	
  
the	
  work	
  ethic	
  is	
  like	
  that	
  of	
  the	
  man	
  running	
  on	
  an	
  exercise	
  wheel,	
  sleep	
  dura�ons	
  
are	
  typically	
  between	
  1	
  to	
  2	
  hours	
  less.	
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While	
  there	
  is	
  growing	
  expecta�on	
  that	
  services	
  ranging	
  from	
  transporta�on	
  to	
  
express	
  goods	
  delivery	
  should	
  be	
  available	
  24/7,	
  most	
  of	
  us	
  aren’t	
  able	
  to	
  cope	
  with	
  
extended	
  and	
  repeated	
  sleep	
  depriva�on.	
  In	
  the	
  short	
  term	
  this	
  leads	
  to	
  errors,	
  
accidents	
  and	
  produc�vity	
  loss.	
  Developing	
  a	
  be�er	
  understanding	
  as	
  to	
  what	
  
cogni�ve	
  domains	
  are	
  impaired	
  and	
  why	
  mo�vates	
  the	
  func�onal	
  imaging	
  research	
  
I’m	
  about	
  to	
  present.	
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I	
  will	
  begin	
  by	
  reminding	
  listeners	
  about	
  func�onal	
  imaging	
  changes	
  observed	
  during	
  
NREM	
  sleep	
  before	
  reviewing	
  studies	
  involving	
  task-­‐related	
  fMRI	
  in	
  sleep	
  deprived	
  
persons.	
  A	
  quick	
  tour	
  of	
  the	
  findings	
  concerning	
  res�ng	
  state	
  connec�vity	
  follows	
  and	
  
I’ll	
  conclude	
  by	
  specula�ng	
  about	
  future	
  direc�ons.	
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The	
  blood	
  flow	
  changes	
  accompanying	
  the	
  onset	
  of	
  NREM	
  sleep	
  were	
  documented	
  
almost	
  two	
  decades	
  ago	
  through	
  the	
  efforts	
  of	
  Braun,	
  Maquet,	
  Kajimura	
  and	
  others.	
  
Mul�ple	
  structures	
  involved	
  in	
  maintaining	
  arousal,	
  sustaining	
  a�en�on	
  and	
  
mul�modal	
  integra�on	
  of	
  sensory	
  informa�on	
  show	
  decreased	
  blood	
  flow	
  in	
  NREM	
  
sleep	
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These	
  changes	
  reflect	
  our	
  withdrawal	
  from	
  externally	
  oriented	
  percep�on	
  as	
  NREM	
  
sleep	
  deepens	
  and	
  are	
  a�enuated	
  in	
  persons	
  with	
  primary	
  insomnia.	
  We	
  would	
  
expect	
  that	
  the	
  sleep	
  deprived	
  brain	
  would	
  recapitulate	
  some	
  of	
  these	
  changes	
  –	
  will	
  
it?	
  Lets	
  see….	
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Our	
  explora�on	
  of	
  the	
  func�onal	
  and	
  allied	
  behavioral	
  changes	
  associated	
  with	
  the	
  
sleep	
  deprived	
  brain	
  begins	
  by	
  considering	
  what	
  happens	
  with	
  a�en�on	
  and	
  
percep�on.	
  These	
  processes	
  are	
  fundamental	
  to	
  other	
  higher	
  cogni�ve	
  func�ons	
  and	
  
it	
  is	
  no	
  surprise	
  that	
  deficits	
  in	
  a�en�on	
  feature	
  highly	
  in	
  a	
  metanalysis	
  evalua�ng	
  the	
  
cogni�ve	
  domains	
  affected	
  by	
  sleep	
  depriva�on.	
  It	
  is	
  our	
  limited	
  capacity	
  to	
  process	
  
informa�on	
  that	
  requires	
  us	
  to	
  be	
  selec�ve	
  about	
  what	
  we	
  direct	
  a�en�on	
  to.	
  
Distractor	
  inhibi�on	
  and	
  being	
  able	
  to	
  sustain	
  a�en�on	
  are	
  also	
  important	
  aspects	
  of	
  
a�en�on.	
  Consider	
  this:	
  How	
  are	
  we	
  to	
  remember	
  what	
  we	
  did	
  not	
  even	
  perceive?	
  
How	
  would	
  we	
  adjust	
  our	
  responses	
  to	
  absent	
  informa�on?	
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Over	
  the	
  last	
  decade	
  we	
  and	
  others	
  have	
  probed	
  the	
  many	
  different	
  facets	
  of	
  
a�en�on	
  and	
  how	
  they	
  contribute	
  to	
  reduced	
  informa�on	
  processing	
  capacity,	
  
par�cularly	
  when	
  �me	
  is	
  limited.	
  	
  
	
  
I’ve	
  selected	
  a	
  few	
  aspects	
  of	
  a�en�on	
  and	
  processing	
  capacity	
  to	
  illustrate.	
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Understanding the perceptual limits of attention is relevant to a situation when 
one is focused on one an important central task such as monitoring the car in 
front of us while driving. Our ability to brake in response to an unexpected 
pedestrian crossing the road is dependent on having sufficient residual 
processing capacity to detect that person appearing at the periphery of our 
vision. 	
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To model such a situation, lets begin by assuming that a well rested person 
has a finite reservoir of visual processing resources represented by this box** 
According to Lavie, focusing attention on a central target will consume some of 
that resource. **If the target places low demands on perceptual resources, 
there will be residual capacity for handling task irrelevant stimuli- even if the 
person is not be aware of this automatic busy-body brain.  
**In contrast, a perceptually demanding target will take up more processing 
resources, leaving less for peripheral processing. 
**If sleep deprivation reduces perceptual processing capacity, we can expose 
this by showing that the residual capacity to process task-irrelevant 
information is compromised, at least in the high load condition 
The critical point about this framework is that total processing capacity is 
indirectly inferred from the effects of manipulating central task load 	
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Danyang Kong, now a post doc at Stanford, helped design an experiment to 
show limitations in peripheral processing capacity using this paradigm. She 
inferred reduced processing capacity from attenuated repetition suppression to 
repeated compared to non-repeated incidental houses in a brain area 
specialized for place processing. The presence of a signal difference was used 
as the marker for left-over processing capacity, but the participant didn’t know 
this. What they focused on was clearer or less clear faces that they had to 
detect. In the sleep deprived state, when perceptual load was higher, she 
found lower peripheral information processing as indexed by reduced RS.  
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Visual clutter can delay detection and action. Remember how difficult it is to 
find grandma in a crowd compared to when she’s the only person in an open 
space?  In such settings, distractor suppression complements attention related 
enhancement to improve target detection and processing. 	
  
Here,	
  ambiguous	
  face	
  house	
  pictures	
  elicit	
  three	
  different	
  responses	
  in	
  the	
  place	
  area	
  
depending	
  on	
  how	
  well	
  the	
  par�cipant	
  is	
  able	
  to	
  follow	
  instruc�ons	
  to	
  either	
  detect	
  a	
  
face,	
  a	
  house	
  or	
  to	
  passively	
  view	
  the	
  ambiguous	
  pictures	
  
Accurate	
  performance	
  of	
  this	
  task	
  requires	
  a�ending	
  to	
  the	
  object	
  of	
  interest	
  and	
  
enhancing	
  its	
  sensory	
  representa�on	
  while	
  concurrently	
  suppressing	
  the	
  
representa�on	
  of	
  the	
  distractor	
  object.	
  	
  
Distrac�on	
  suppression	
  is	
  a	
  known	
  contributor	
  to	
  lower	
  cogni�ve	
  performance	
  in	
  
cogni�ve	
  aging,	
  something	
  that	
  the	
  sleep	
  deprived	
  brain	
  is	
  some�mes	
  compared	
  to.	
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A�er	
  a	
  normal	
  night	
  of	
  sleep,	
  a�en�on	
  to	
  houses	
  enhanced	
  sensory	
  ac�va�on	
  in	
  the	
  
PPA	
  compared	
  to	
  passive	
  viewing	
  	
  .	
  Conversely	
  reduced	
  PPA	
  ac�va�on	
  was	
  observed	
  
when	
  houses	
  had	
  to	
  be	
  ignored	
  while	
  picking	
  face	
  targets.	
  
Cri�cally,	
  whereas	
  sensory	
  enhancement	
  for	
  a�ended	
  houses	
  was	
  rela�vely	
  
preserved	
  during	
  SD,	
  sensory	
  suppression	
  of	
  irrelevant	
  houses	
  was	
  impaired.	
  
These	
  imaging	
  signals	
  have	
  behavioral	
  counterparts	
  when	
  we	
  tested	
  recogni�on	
  of	
  
house	
  pictures	
  at	
  the	
  end	
  of	
  each	
  experiment.	
  In	
  the	
  well	
  rested	
  state,	
  there	
  is	
  a	
  clear	
  
advantage	
  to	
  having	
  a�ended	
  to	
  the	
  houses.	
  However,	
  in	
  the	
  sleep	
  deprived	
  state,	
  
par�cipants	
  appear	
  to	
  remember	
  houses	
  to	
  the	
  same	
  degree	
  in	
  both	
  contexts,	
  
sugges�ng	
  that	
  are	
  less	
  selec�ve	
  about	
  encoding.	
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How	
  quickly	
  can	
  we	
  churn	
  through	
  visually	
  presented	
  informa�on?	
  Rapid	
  Serial	
  Visual	
  
Presenta�on	
  is	
  an	
  intui�ve	
  way	
  of	
  tes�ng	
  this.	
  Par�cipants	
  had	
  to	
  iden�fy	
  2	
  target	
  
houses	
  in	
  a	
  stream	
  of	
  house	
  pictures	
  that	
  were	
  presented	
  at	
  different	
  rates.	
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Brain	
  ac�va�on	
  within	
  the	
  PPA	
  increases	
  with	
  presenta�on	
  rate,	
  to	
  a	
  point	
  and	
  then	
  
it	
  falls.	
  This	
  reflects	
  progressive	
  engagement,	
  followed	
  by	
  disengagement	
  of	
  house	
  
detec�on	
  and	
  higher	
  visual	
  processing.	
  This	
  u	
  shaped	
  func�on	
  marks	
  the	
  area	
  as	
  a	
  
bo�leneck	
  for	
  visual	
  processing	
  speed.	
  The	
  rate	
  of	
  picture	
  presenta�on	
  that	
  is	
  
associated	
  with	
  the	
  highest	
  ac�va�on	
  in	
  the	
  PPA	
  is	
  a	
  proxy	
  for	
  processing	
  speed	
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Brain	
  ac�va�on	
  within	
  the	
  PPA	
  increases	
  with	
  presenta�on	
  rate,	
  to	
  a	
  point	
  and	
  then	
  
it	
  falls.	
  This	
  reflects	
  progressive	
  engagement,	
  followed	
  by	
  disengagement	
  of	
  house	
  
detec�on	
  and	
  higher	
  visual	
  processing.	
  This	
  u	
  shaped	
  func�on	
  marks	
  the	
  area	
  as	
  a	
  
bo�leneck	
  for	
  visual	
  processing	
  speed.	
  The	
  rate	
  of	
  picture	
  presenta�on	
  that	
  is	
  
associated	
  with	
  the	
  highest	
  ac�va�on	
  in	
  the	
  PPA	
  is	
  a	
  proxy	
  for	
  processing	
  speed	
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The	
  le�ward	
  shi�	
  in	
  the	
  temporal	
  tuning	
  curve	
  tells	
  us	
  that	
  in	
  the	
  bo�leneck	
  of	
  visual	
  
processing,	
  the	
  maximal	
  rate	
  of	
  image	
  processing	
  is	
  reduced	
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Cri�cally	
  this	
  shi�	
  in	
  the	
  tuning	
  curve	
  cannot	
  be	
  simply	
  a�ributed	
  to	
  loss	
  of	
  
engagement	
  that	
  might	
  be	
  expected	
  when	
  images	
  flash	
  by	
  too	
  quickly	
  to	
  register.	
  
One	
  indicator	
  of	
  this	
  is	
  the	
  con�nued	
  increase	
  in	
  ac�va�on	
  within	
  early	
  visual	
  cortex	
  
ac�va�on	
  with	
  higher	
  rates	
  of	
  house	
  presenta�on.	
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If we are not given time to reorganize our memories, most of us can only 
remember 3-4 simultaneously presented visual items at a time. This ‘visual 
short term memory’ capacity that is fundamental to day-to-day activities and is 
highly correlated with scholastic achievement. **To evaluate VSTM, an array 
containing between 1 to 8 colored squares is briefly shown. After an interval, 
subjects have to determine if the color of the probed square was present in the 
previous array. This task is expected to load VSTM memory more as the 
number of colored squares increases.  
**To control for the effect of item load on visual cortex activation, between 1 to 
8 colored squares are presented but instead of having to remember these, the 
volunteer has only to respond to whether or not a colored square was present 
in the centre of the array 



21 

Previous research has shown that VSTM is limited to about 4 items and that 
activation in the superior parietal region tracks visual short term memory 
capacity. Activity in this putative storage region increases and then plateaus. In 
contrast to its response to memory load, the parietal area is indifferent to item 
load 



If	
  SD	
  were	
  to	
  impair	
  VSTM	
  by	
  inducing	
  memory	
  storage	
  failure,	
  **	
  the	
  reten�on	
  of	
  
only	
  one	
  or	
  two	
  test	
  items	
  (show)	
  was	
  expected	
  to	
  elicit	
  signals	
  (show)	
  of	
  similar	
  
magnitude	
  in	
  RW	
  and	
  SD.	
  **However,	
  an	
  effect	
  of	
  state	
  would	
  be	
  expected	
  when	
  
more	
  items	
  had	
  to	
  be	
  remembered.**	
  Also	
  we	
  would	
  not	
  expect	
  SD	
  to	
  affect	
  
ac�va�on	
  in	
  the	
  item	
  load	
  control	
  condi�on	
  since	
  memory	
  is	
  not	
  taxed	
  
**Alterna�vely,	
  if	
  the	
  problem	
  is	
  that	
  when	
  we	
  are	
  sleep	
  deprived,	
  fewer	
  neurons	
  or	
  
circuits	
  are	
  available	
  to	
  be	
  recruited:	
  we	
  would	
  an�cipate	
  lower	
  ac�va�on	
  in	
  
cogni�ve	
  control	
  areas	
  even	
  when	
  only	
  1	
  or	
  2	
  test	
  items	
  are	
  presented	
  in	
  both	
  the	
  
memory	
  and	
  item	
  load	
  control	
  condi�ons	
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Our results supported the second line of reasoning -> that there are fewer 
circuits available to process information in the sleep deprived state.  
In both states the general form of the neural response to memory load was as 
expected. Activation increased as items to be remembered increased, and 
then plateaued. 
The critical point is that in the memory condition under the sleep deprived 
condition activation is lower even only one or two items had to be 
remembered. ** 
Activation was also affected during SD in the load condition which does not tax 
memory. 
 



How	
  reproducible	
  is	
  this	
  finding?	
  	
  A	
  recent	
  metanalysis	
  of	
  11	
  fMRI	
  studies	
  on	
  
a�en�on	
  in	
  sleep	
  depriva�on,	
  indicated	
  that	
  reduced	
  fronto-­‐parietal	
  ac�va�on	
  and	
  
increased	
  thalamic	
  ac�va�on	
  during	
  successful	
  task	
  performance	
  are	
  common	
  
changes	
  across	
  mul�ple	
  studies	
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In	
  addi�on,	
  higher	
  visual	
  areas	
  are	
  affected	
  by	
  the	
  loss	
  of	
  top-­‐down	
  control	
  of	
  
a�en�on	
  associated	
  with	
  decreased	
  fronto-­‐parietal	
  ac�va�on	
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Here	
  is	
  another	
  illustra�on	
  of	
  sleep	
  depriva�on	
  induced	
  reduc�ons	
  in	
  ac�va�on	
  
within	
  regions	
  media�ng	
  the	
  top	
  down	
  control	
  of	
  a�en�on	
  as	
  well	
  as	
  downstream	
  
effects	
  on	
  extrastriate	
  visual	
  cortex	
  sensi�ve	
  to	
  the	
  their	
  modulatory	
  influences.	
  
These	
  fronto-­‐parietal	
  changes	
  are	
  close	
  or	
  similar	
  in	
  loca�on	
  to	
  those	
  showing	
  
reduced	
  blood	
  flow	
  during	
  sleep,	
  leading	
  us	
  to	
  posit	
  that	
  the	
  fMRI	
  changes	
  observed	
  
in	
  the	
  sleep	
  deprived	
  state	
  may	
  reflect	
  the	
  occurrence	
  of	
  local	
  sleep	
  during	
  task	
  
performance.	
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In	
  this	
  cartoon	
  depic�ng	
  a	
  func�onal	
  module	
  in	
  the	
  brain,	
  each	
  node	
  represents	
  a	
  
cluster	
  of	
  neurons	
  and	
  each	
  edge	
  a	
  connec�on.	
  	
  
In	
  an	
  alert	
  person,	
  op�mal	
  ac�va�on	
  of	
  circuitry	
  to	
  perform	
  a	
  task	
  entails	
  extra	
  	
  
ac�va�on	
  that	
  reflects	
  the	
  gathering	
  of	
  ‘addi�onal	
  but	
  redundant	
  informa�on’.	
  	
  This	
  
informa�on	
  may	
  be	
  useful	
  although	
  not	
  directly	
  related	
  to	
  immediate	
  task	
  goals.	
  	
  **	
  
For	
  example,	
  in	
  the	
  experiments	
  evalua�ng	
  VSTM	
  capacity,	
  correct	
  responses	
  elicted	
  
greater	
  ac�va�on	
  in	
  the	
  RW	
  condi�on	
  even	
  though	
  lesser	
  ac�va�on	
  seemed	
  during	
  
SD	
  
**In	
  the	
  sleep	
  deprived	
  subject	
  neurons	
  represented	
  by	
  open	
  circles	
  involuntarily	
  go	
  
offline.	
  This	
  leaves	
  ac�vated	
  a	
  minimum	
  circuitry	
  necessary	
  to	
  perform	
  the	
  task.	
  	
  
One	
  can	
  get	
  by,	
  but	
  there	
  is	
  no	
  ‘safety	
  margin’	
  leading	
  to	
  overall	
  slower	
  and	
  less	
  
accurate	
  responses.	
  	
  
-­‐-­‐-­‐-­‐-­‐	
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If	
  local	
  sleep	
  occurs	
  as	
  a	
  result	
  of	
  sustained	
  engagement	
  of	
  circuits	
  taxed	
  by	
  
con�nued	
  task	
  performance,	
  one	
  might	
  expect	
  accentuated	
  �me	
  on	
  task	
  effects	
  in	
  
the	
  sleep	
  deprived	
  state.	
  To	
  evaluate	
  this	
  possibility,	
  Chris	
  Asplund	
  had	
  par�cipants	
  
pick	
  out	
  specific	
  le�ers	
  appearing	
  in	
  a	
  rapid	
  stream	
  of	
  them.	
  They	
  performed	
  this	
  for	
  
6.5	
  minutes	
  in	
  each	
  of	
  4	
  experimental	
  runs.	
  We	
  found	
  evidence	
  for	
  both	
  within	
  and	
  
between	
  run	
  ToT	
  effects	
  that	
  were	
  accentuated	
  by	
  SD.	
  Observe	
  how	
  performance	
  
accuracy	
  declines	
  over	
  �me	
  within	
  each	
  run,	
  there	
  being	
  a	
  slight	
  reset	
  a�er	
  the	
  1	
  min	
  
pause	
  between	
  runs.	
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Interes�ngly,	
  corresponding	
  to	
  behavioral	
  findings,	
  within	
  run	
  �me	
  on	
  task	
  effects	
  
were	
  more	
  spa�ally	
  extensive	
  than	
  between	
  run	
  effects.	
  This	
  was	
  clearer	
  using	
  BOLD	
  
rather	
  than	
  ASL	
  imaging	
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Here,	
  we	
  observe	
  impressive	
  but	
  incomplete	
  overlap	
  between	
  the	
  areas	
  engaged	
  in	
  
Task	
  performance,	
  those	
  affected	
  by	
  state	
  and	
  ToT	
  effects.	
  This	
  indicates	
  that	
  the	
  
some	
  subareas	
  involved	
  in	
  task	
  performance	
  are	
  more	
  suscep�ble	
  to	
  use	
  dependent	
  
effects.	
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Before	
  we	
  move	
  on,	
  here	
  is	
  a	
  brief	
  sec�on	
  summary:	
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Being	
  able	
  to	
  generate,	
  modulate	
  and	
  be	
  guided	
  by	
  emo�ons	
  is	
  fundamental	
  to	
  
human	
  life	
  and	
  sleep	
  plays	
  a	
  vital	
  role	
  in	
  this	
  regard.	
  Restric�ng	
  sleep	
  to	
  five	
  hours	
  a	
  
night	
  across	
  a	
  one-­‐week	
  period	
  leads	
  to	
  a	
  progressive	
  increase	
  in	
  emo�onal	
  
disturbance	
  in	
  par�cipants	
  on	
  the	
  basis	
  of	
  ques�onnaire	
  mood	
  scales,	
  together	
  with	
  
diary	
  documenta�on	
  of	
  increasing	
  subjec�ve	
  emo�onal	
  difficul�es	
  (Dinges	
  et	
  al.	
  
1997).	
  In	
  an	
  experiment	
  conducted	
  by	
  Seong-­‐Schik	
  Yoo	
  and	
  Ma�	
  Walker	
  some	
  years	
  
ago,	
  Half	
  the	
  volunteers	
  were	
  allowed	
  to	
  sleep	
  normally	
  and	
  the	
  other	
  half	
  sleep	
  
deprived.	
  volunteers	
  were	
  then	
  shown	
  nega�ve	
  emo�onal	
  pictures.	
  Par�cipants	
  who	
  
underwent	
  sleep	
  depriva�on	
  had	
  significantly	
  greater	
  amygdala	
  ac�va�on	
  to	
  
nega�ve	
  pictures	
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Accompanying	
  changes	
  in	
  amygdala	
  ac�va�on,	
  was	
  a	
  reduc�on	
  in	
  func�onal	
  
connec�vity	
  between	
  the	
  medial	
  orbitofrontal	
  cortex	
  and	
  amygdala.	
  This	
  is	
  thought	
  
to	
  relate	
  to	
  a	
  reduc�on	
  in	
  emo�onal	
  regula�on	
  when	
  par�cipants	
  are	
  sleep	
  deprived.	
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A	
  similar	
  profile	
  of	
  exaggerated	
  amygdala	
  reac�vity	
  and	
  reduced	
  prefrontal	
  
connec�vity	
  occurred	
  a�er	
  five	
  nights	
  of	
  4-­‐h	
  sleep	
  restric�on,	
  which	
  is	
  arguably	
  a	
  
more	
  ecologically	
  relevant	
  paradigm	
  in	
  the	
  context	
  of	
  societal	
  sleep	
  behavior	
  and	
  
clinical	
  disorders.	
  Addi�onally,	
  inter-­‐individual	
  differences	
  in	
  the	
  change	
  in	
  
connec�vity	
  between	
  the	
  amygdala	
  and	
  mPFC	
  caused	
  by	
  sleep	
  loss	
  correlated	
  with	
  
increases	
  in	
  subjec�ve	
  anxiety.	
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In	
  the	
  last	
  of	
  a	
  trio	
  of	
  remarkably	
  congruent	
  experimental	
  findings,	
  poor	
  sleep	
  quality	
  
was	
  also	
  found	
  to	
  affect	
  the	
  affec�ve	
  system	
  as	
  shown	
  in	
  this	
  experiment	
  conducted	
  
by	
  Prather	
  and	
  colleagues	
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One	
  of	
  the	
  consequences	
  of	
  viewing	
  emo�onally	
  salient	
  that	
  they	
  capture	
  our	
  
a�en�on	
  and	
  distract	
  us	
  from	
  fulfilling	
  current	
  task	
  goals.	
  This	
  effect	
  might	
  be	
  
modulated	
  by	
  sleep	
  depriva�on.	
  For	
  example,	
  Lisa	
  Chuah	
  had	
  par�cipants	
  remember	
  
three	
  neutral	
  faces	
  over	
  an	
  interval	
  that	
  was	
  punctuated	
  with	
  three	
  types	
  of	
  
distractors.	
  found	
  Increased	
  amygdala	
  ac�va�on	
  in	
  response	
  to	
  nega�ve	
  emo�onal	
  
distracters,	
  but	
  not	
  emo�onally	
  neutral	
  distracters,	
  affected	
  corrected	
  recogni�on	
  in	
  
a	
  working	
  memory	
  experiment	
  in	
  sleep	
  deprived	
  persons	
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Addi�onally	
  and	
  parallel	
  to	
  the	
  previous	
  experiments,	
  we	
  found	
  that	
  emo�onal	
  
s�muli	
  had	
  a	
  greater	
  effect	
  	
  on	
  impairing	
  retrieval	
  of	
  neutral	
  memoranda	
  in	
  
accordance	
  to	
  how	
  much	
  amygdala	
  frontal	
  connec�vity	
  was	
  disrupted.	
  Curiously	
  this	
  
was	
  true	
  of	
  the	
  sleep	
  deprived	
  state	
  only	
  and	
  for	
  emo�onal	
  but	
  not	
  neutral	
  
distractors.	
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Moving to another aspect of behavior that may have affective roots, we found 
in two experiments that SD affects the neural substrates of economic decision-
making by tipping us to suboptimal economic choices. In the first experiment, 
Vinod Venkatraman now faculty at Temple University, had participants choose 
between certain and low risk and  also between low risk and high risk 
gambles. The nu acc, part of the ventral striatum becomes more active when 
riskier choices are made. Critically, he found a sleep deprivation by risk 
interaction whereby higher risk decisions elicited relatively greater NA 
activation in the SD state than in the rested state. There wasn’t an actual 
change in proportion of risker decisions made when sleep deprived so we 
posited that this could mean the foreshadowing of such a behavioral shift.  



Some	
  years	
  later,	
  Brian	
  Mullin	
  from	
  Peter	
  Franzen’s	
  lab	
  had	
  par�cipants	
  engage	
  in	
  a	
  
card-­‐guessing	
  game	
  where	
  they	
  received	
  posi�ve	
  or	
  nega�ve	
  feedback	
  on	
  each	
  trial.	
  
When	
  the	
  ac�va�on	
  to	
  win	
  rela�ve	
  to	
  loss	
  trials	
  was	
  contrasted	
  across	
  state,	
  SD	
  
par�cipants	
  were	
  found	
  to	
  have	
  higher	
  VS	
  ac�va�on,	
  suppor�ng	
  the	
  idea	
  that	
  acute	
  
sleep	
  loss	
  may	
  result	
  in	
  increased	
  sensi�vity	
  to	
  rewarding	
  s�muli.	
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The anterior insula is thought to evaluate the emotional significance of a 
stimulus and to generate an appropriate affective response to losses.  
**After a normal night of sleep, the insula showed increase activation to loss 
outcomes but not to high gains. After sleep deprivation this insula response to 
losses was attenuated.  



Its always nice to see findings independently replicated and here, we see 
Vinod replicating earlier findings regarding the insula using a multiple outcome 
gambles. Interestingly, in that study he found a correlation between increased 
ventral striatal activation for gains and decreased anterior insula activation for 
losses suggesting that that these brain regions may act in concert to shift the 
sleep deprived person towards gain-seeking behavior while exhibiting a 
reduced concern for losses.  
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Unlike	
  the	
  fairly	
  clear	
  results	
  we	
  have	
  for	
  a�en�on	
  and	
  ‘hot’	
  emo�ons	
  –	
  the	
  changes	
  
observed	
  with	
  economic	
  decision	
  making	
  in	
  sleep	
  deprived	
  persons	
  are	
  less	
  clear	
  cut	
  
and	
  appear	
  to	
  be	
  context	
  dependent.	
  Here	
  are	
  a	
  selec�on	
  of	
  somewhat	
  unexpected	
  
findings,	
  given	
  the	
  data	
  I	
  just	
  presented.	
  For	
  instance,	
  one	
  might	
  expect	
  the	
  trigger	
  
happy	
  nocturnal	
  gambler	
  to	
  be	
  more	
  impulsive	
  or	
  to	
  shi�	
  his	
  valua�on	
  of	
  goods.	
  
Neither	
  happens	
  consistently	
  across	
  an	
  en�re	
  sample	
  of	
  par�cipants.	
  Food	
  for	
  
thought….	
  Bringing	
  us	
  to	
  the	
  next	
  topic	
  –	
  food!	
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The take home messages from this work are that  



-­‐  The	
  effects	
  of	
  SD	
  on	
  appe�te	
  /	
  food	
  valua�on	
  and	
  consump�ve	
  behavior	
  have	
  
significant	
  impact	
  on	
  health.	
  However,	
  to	
  date	
  there	
  have	
  ben	
  rela�vely	
  few	
  
studies	
  in	
  this	
  important	
  domain.	
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In	
  one	
  of	
  the	
  larger	
  studies	
  to	
  date,	
  Stephanie	
  Greer	
  30	
  par�cipants	
  underwent	
  one	
  
night	
  of	
  TSD.	
  In	
  the	
  morning,	
  they	
  were	
  shown	
  food	
  pictures	
  and	
  asked	
  to	
  rate	
  how	
  
strongly	
  they	
  desired	
  the	
  food.	
  A	
  mixture	
  low	
  and	
  high	
  calorie	
  foods	
  were	
  shown.	
  
TSD	
  induced	
  an	
  increased	
  amygdala	
  response	
  to	
  food	
  and	
  a�enuated	
  responses	
  in	
  
insula	
  and	
  ACC.	
  Par�cipants	
  had	
  an	
  elevated	
  preference	
  for	
  high	
  calorie	
  foods	
  
although	
  authors	
  did	
  not	
  report	
  any	
  correla�on	
  between	
  the	
  caloric	
  content	
  of	
  foods	
  
and	
  the	
  change	
  in	
  brain	
  signal	
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In	
  Fang’s	
  study	
  involving	
  31	
  young	
  adults,	
  res�ng	
  state	
  connec�vity	
  in	
  the	
  salience	
  
network	
  was	
  evaluated.	
  This	
  network	
  comprises	
  anterior	
  insula,	
  dACC,	
  IFG	
  and	
  
parietal	
  lobes.	
  Connec�vity	
  within	
  these	
  nodes	
  was	
  increased	
  following	
  TSD	
  
compared	
  to	
  the	
  control	
  night.	
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The	
  extent	
  to	
  which	
  connec�vity	
  was	
  increased	
  correlated	
  with	
  an	
  increase	
  in	
  fat	
  
consump�on	
  the	
  day	
  a�er	
  sleep	
  depriva�on.	
  Protein	
  and	
  Carbohydate	
  consump�on	
  
remain	
  unchanged.	
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In the early 1990’s it was discovered that there was spontaneous low 
frequency (~0.01 Hz) fluctuation of BOLD signal even in the absence of task 
performance. Non-contiguous voxels in both motor cortices showed in phase 
oscillations. It was later realized that voxels showing such covarying 
oscillations might be functionally connected.  
 
‘Resting state connectivity’ has been a term used to describe this type of 
study. However, defining ‘rest’ can be tricky. It turns out that ‘resting state’ 
covarying brain oscillations can be affected by what the participant was doing 
prior to lying in the scanner, so the term ‘task-free’ fMRI connectivity has been 
suggested as a more neutral label for this type of study.  
 
In a resting state experiment, a participant is told to lie still with eyes open, 
typically staring at a blank screen. No specific instructions are given as to what 
the participant should be thinking about and its likely that for most people, 
thought content will vary but remain autobiographical / self-referent.  
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A	
  set	
  of	
  regions	
  (shown	
  here	
  in	
  red-­‐yellow)	
  that	
  evidences	
  prominent	
  ‘res�ng	
  state	
  
connec�vity’	
  of	
  this	
  sort	
  is	
  the	
  ‘default	
  mode	
  network’.	
  This	
  network	
  of	
  regions	
  
par�cipates	
  in	
  introspec�ve	
  thought	
  while	
  we	
  are	
  at	
  rest	
  and	
  is	
  ‘by	
  default’	
  ac�ve	
  
and	
  represent	
  some	
  of	
  	
  the	
  most	
  metabolically	
  ac�ve	
  parts	
  of	
  the	
  brain	
  at	
  rest.	
  	
  
	
  
Areas	
  involved	
  in	
  the	
  maintenance	
  of	
  a�en�on	
  and	
  cogni�ve	
  control	
  also	
  show	
  
spontaneous,	
  synchronous	
  low	
  frequency	
  oscilla�on	
  that	
  is	
  nega�vely	
  correlated	
  
with	
  the	
  default	
  mode	
  region.	
  Such	
  an�-­‐correla�on	
  breaks	
  down	
  in	
  many	
  
neuropsychiatric	
  condi�ons.	
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The	
  a�rac�on	
  of	
  res�ng	
  state	
  studies	
  is	
  that	
  they	
  can	
  inform	
  about	
  many	
  networks	
  
concurrently	
  and	
  provide	
  brain	
  health	
  relevant	
  informa�on	
  without	
  having	
  the	
  
par�cipant	
  having	
  to	
  perform	
  a	
  task	
  or	
  series	
  of	
  tasks.	
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Corresponding	
  to	
  the	
  seminal	
  work	
  by	
  Fox	
  and	
  others,	
  func�onal	
  connec�vity	
  studies	
  
on	
  sleep-­‐deprived	
  persons	
  have,	
  to	
  date	
  focused	
  primarily	
  on	
  two	
  res�ng	
  state	
  
networks,	
  the	
  default	
  mode	
  network	
  	
  and	
  the	
  an�-­‐correlated	
  rela�onship	
  between	
  
the	
  task	
  posi�ve	
  and	
  default	
  mode	
  network.	
  These	
  networks	
  are	
  considered	
  cri�cal	
  in	
  
differen�a�ng	
  externally	
  oriented	
  and	
  internally	
  oriented	
  cogni�on	
  respec�vely.	
  
Work	
  from	
  several	
  laboratories	
  found	
  that	
  in	
  NREM	
  sleep,	
  there	
  is	
  progressive	
  
reduc�on	
  in	
  fC	
  within	
  the	
  DMN.	
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Sleep	
  depriva�on	
  can	
  be	
  thought	
  of	
  as	
  a	
  state	
  where	
  one	
  tries	
  to	
  stay	
  away	
  but	
  
periodically	
  succumbs	
  to	
  sleep	
  .	
  Both	
  Michael	
  Czisch’s	
  group	
  and	
  ours	
  found	
  
heterogenous	
  reduc�on	
  in	
  DMN	
  connec�vity	
  as	
  well	
  as	
  reduced	
  an�-­‐correla�on	
  
between	
  the	
  ROIs	
  in	
  Task	
  posi�ve	
  and	
  Default	
  Networks	
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To	
  this	
  point,	
  the	
  studies	
  reviewed	
  used	
  a	
  hypothesis	
  driven	
  seed	
  based	
  approach	
  
based	
  on	
  informa�ve	
  findings	
  from	
  previous	
  studies.	
  They	
  are	
  somewhat	
  myopic	
  in	
  
their	
  coverage	
  of	
  other	
  res�ng	
  state	
  networks	
  and	
  fail	
  to	
  take	
  advantage	
  of	
  the	
  whole	
  
brain	
  sampling	
  afforded	
  by	
  task-­‐free	
  fMRI	
  studies.	
  Shown	
  here	
  is	
  the	
  automated	
  
parcella�on	
  of	
  mul�ple	
  res�ng	
  state	
  networks	
  that	
  is	
  the	
  basis	
  for	
  evalua�on	
  of	
  state	
  
changes	
  in	
  mul�ple	
  networks	
  concurrently.	
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In	
  Thomas	
  Yeo’s	
  17-­‐network	
  parcella�on	
  of	
  the	
  right	
  cerebral	
  cortex,	
  these	
  networks	
  
can	
  be	
  aggregated	
  into	
  8	
  func�onal	
  groupings	
  for	
  ease	
  of	
  discussion	
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In	
  this	
  lower	
  le�	
  triangular	
  matrix,	
  we	
  depict	
  how	
  the	
  17	
  networks	
  fit	
  into	
  these	
  8	
  
func�onal	
  groupings.	
  	
  
To	
  facilitate	
  visualiza�on,	
  relevant	
  members	
  of	
  the	
  17	
  networks	
  are	
  color	
  coded	
  and	
  
their	
  loca�on	
  in	
  the	
  brain	
  are	
  shown	
  
hot	
  colors	
  indicate	
  posi�ve	
  correla�on	
  in	
  ac�vity	
  between	
  nodes	
  
Cool	
  colors	
  indicate	
  an�-­‐correla�on	
  between	
  nodes.	
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Matrices	
  corresponding	
  to	
  FC	
  in	
  each	
  state	
  are	
  depicted	
  here.	
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To	
  make	
  interpreta�on	
  more	
  tractable,	
  we	
  grouped	
  state	
  changes	
  along	
  a	
  simplified	
  
theore�cal	
  framework.	
  One	
  set	
  of	
  network	
  changes	
  involves	
  networks	
  showing	
  
posi�vely	
  correlated	
  ac�vity	
  and	
  can	
  be	
  characterized	
  as	
  Integrated	
  networks	
  
become	
  less	
  strongly	
  coupled.	
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?	
  Related	
  to	
  why	
  a�en�on	
  control	
  is	
  degraded	
  in	
  SD?	
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Another	
  of	
  network	
  changes	
  involves	
  networks	
  showing	
  an�-­‐correlated	
  ac�vity	
  and	
  
can	
  be	
  characterized	
  as	
  segregated	
  networks	
  become	
  less	
  well	
  segregated.	
  When	
  you	
  
are	
  not	
  day	
  dreaming	
  you	
  are	
  more	
  focused	
  and	
  vice-­‐versa	
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There	
  thus	
  appear	
  to	
  be	
  two	
  shi�s	
  in	
  cor�cal	
  cor�cal	
  network	
  behavior	
  following	
  
sleep	
  depriva�on.	
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One	
  exci�ng	
  byproduct	
  of	
  this	
  work	
  has	
  been	
  the	
  discovery	
  that	
  res�ng	
  state	
  
connec�vity	
  in	
  the	
  rested	
  state	
  can	
  inform	
  about	
  vulnerability	
  to	
  SD	
  
The	
  networks	
  contribu�ng	
  to	
  this	
  predic�on	
  of	
  resilience	
  all	
  show	
  greater	
  an�-­‐
correla�on	
  between	
  one	
  another.	
  	
  
They	
  share	
  features	
  with	
  networks	
  affected	
  by	
  SD.	
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The	
  last	
  fc	
  study	
  highlighted	
  is	
  one	
  which	
  shows	
  that	
  in	
  several	
  ‘awake’	
  res�ng	
  state	
  
fMRI	
  studies,	
  the	
  longer	
  the	
  experiment,	
  the	
  more	
  likely	
  par�cipants	
  were	
  to	
  show	
  
MRI	
  features	
  of	
  sleep.	
  Given	
  the	
  network	
  changes	
  I’ve	
  just	
  shared	
  with	
  you,	
  this	
  
suggests	
  that	
  if	
  we	
  want	
  clearer	
  delinea�on	
  between	
  healthy	
  and	
  clinical	
  
popula�ons,	
  we	
  should	
  invest	
  in	
  an	
  eye-­‐tracker	
  or	
  some	
  means	
  of	
  tracking	
  sleep	
  in	
  
the	
  scanner.	
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