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working	memory

Memory
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Fractionation of memory systems



Corsi blocks test for visuospatial STM span –
remember locations tapped in correct sequence

9	1	5	2

7	3	6	1	4

8	5	2	7	6	3

5	9	6	1	4	8	3

6	8	2	5	9	4	1	7

1	6	3	8	7	4	9	5	2

Digit span test for verbal STM span

How many things (digits or spatial locations) can you remember?
At what sequence length (‘span’) of digits or tapped spatial locations does performance fail?

Clinical measures of STM
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Forwards digit span (verbal) and spatial span (visuospatial) provide an index of STM capacity



Patient KF (Shallice & Warrington, 1970) with a left parietal lesion had a digit span of only 2 but normal spatial span on 
Corsi blocks and normal long-term memory

By contrast, patient ELD (Hanley et al, 1991) with a right hemisphere lesion had an impaired spatial span but normal 
digit span and long-term memory

Patient studies reveal double dissociations
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Between verbal deficits from left posterior lesions and visuospatial deficits from right hemisphere damage



‘Slave’storage systems

Crystallized LTM (long term 
memory) systems

Baddeley Nature Rev Neurosci 2003

Executive control 
mechanisms manipulate 
contents of  STM, e.g., 
reverse or backward digit 
span test where people are 
required to recall a sequence 
of  numbers in reverse

Working memory
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Manipulation of STM contents



Parietal cortex 
maintenance / 
storage

Prefrontal cortex
manipulation & monitoring of 
information in STM

PARALLEL DISTRIBUTED NETWORKS FOR VISUAL SPATIAL PROCESSING: 
CORTICAL CONNECTIONS

BUT now clear that it is difficult to dissociate differences in function between parietal and prefrontal regions

Frontoparietal systems
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Implicated in working memory tasks with one influential view being

e.g. updating contents as in N-back 
tasks or reading them in reverse 
order as in reverse span tasks



Declarative memory Non-declarative memory

Fractionation of Long term memory
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Into episodic and semantic memory



How do we test for episodic memory?
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In the clinical assessment

Anterograde verbal memory

§ Ask patient to recall details of very recent events, e.g. what happened to them in the last few 
days or how they got to the clinic

§ You can tell them something about your own interests at the beginning of the interview and 
ask about these later

§ Name and address recall (e.g. in Addenbrooke’s Cognitive Examination – next slide)
§ Formal tests: story recall or word list learning tests (e.g. Rey Auditory Verbal Learning Test 

(RAVLT) or California Verbal Learning Test (CVLT)).

Anterograde non-verbal memory
§ Rey-Osterrieth Complex Figure recall from memory (after a delay rather than copying when 

this is used as a test of visuospatial perception)
§ Recognition Memory Test (RMT) subset for faces: recall of a series of photographs of faces

Hodges (2007) Cognitive Assessment for Clinicians 2nd ed



Recall vs recollection
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Controversy about whether hippocampus plays a specific role in recall but not recognition

Good encoding with poor recall but excellent recognition can be helpful in assessment of people with memory complaints

 
M E M O R Y 

 
¾ Tell: “I’m going to give you a name and address and I’d like you to repeat the name and address after me. 

So you have a chance to learn, we’ll be doing that 3 times. I’ll ask you the name and address later.”  
 

Score only the third trial. 
 

Memory
 [Score 0 – 7] 

 

 
 
 
 

 
 1st Trial 2nd Trial 3rd Trial 

Harry Barnes 
73 Orchard Close 
Kingsbridge 
Devon 
 

________    _______ 
____  ______  ______ 
______________ 
______________ 

________    _______ 
____  ______  _______ 
______________ 
______________ 

________    _______ 
____  _____  ______ 
______________ 
______________ 

 

M E M O R Y  

 
¾ Name of the current Prime Minister...……………………………………………………………………………..      
¾ Name of the woman who was Prime Minister ............…..………………………………………………………      
¾ Name of the USA president.......………………………...………………………………………………………...      
¾    Name of the USA president who was assassinated in the 1960s..…………………………………………… 

Memory 
[Score 0 – 4 ] 

 
 

L A N G U A G E   

  
¾ Place a pencil and a piece of paper in front of the subject. As a practice trial, ask the subject to “Pick up 

the pencil and then the paper.” If incorrect, score 0 and do not continue further.   
 

¾ If the subject is correct on the practice trial, continue with the following three commands below.  
• Ask the subject to “Place the paper on top of the pencil” 
• Ask the subject to “Pick up the pencil but not the paper” 
• Ask the subject to “Pass me the pencil after touching the paper”  

        Note: Place the pencil and paper in front of the subject before each command.    
 

Language
[Score 0-3] 

 
 

L A N G U A G E  
 
¾ Ask the subject to write two (or more) complete sentences about his/her last 

holiday/weekend/Christmas. Write in complete sentences and do not use abbreviations.  
Give 1 point if there are two (or more) complete sentences about the one topic; and give another 1 point 
if grammar and spelling are correct. 
 

Language
[Score 0-2] 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
L A N G U A G E 
 
¾ Ask the subject to repeat: ‘caterpillar’; ‘eccentricity; ‘unintelligible’; ‘statistician’ 
Score 2 if all are correct; score 1 if 3 are correct; and score 0 if 2 or less are correct. 

Language
[Score 0-2] 

 
 
 

Updated 20/11/2012 
 

V I S U O S P A T I A L   A B I L I T I E S   
 
¾ Ask the subject to identify the letters 

Visuospatial
[Score 0-4]   

     
 

                                                  

                            

 

 

 
 

                     

                           

                            
 

 

                              

M E M O R Y 
 
¾ Ask “Now tell me what you remember about that name and address we were repeating at the beginning” 

 

Harry Barnes 
73 Orchard Close 

Kingsbridge 
Devon 

………………….  …………………………………… 
……   ……………………….  ………………………. 
………………………………………………………… 
………………………………………………………… 

Memory
[Score 0-7] 

 
 

M E M O R Y 

 
¾ This test should be done if the subject failed to recall one or more items above.  It all items were recalled, 

skip the test and score 5.  If only part was recalled start by ticking items recalled in the shadowed column on 
the right hand side; and then test not recalled items by telling the subject “ok, I’ll give you some hints: was 
the name X, Y or Z?” and so on.  Each recognised item scores one point, which is added to the point gained 
by recalling. 

Memory
[Score 0-5] 

 
 
 
 

Jerry Barnes  Harry Barnes  Harry Bradford  recalled 

37  73  76  recalled  
Orchard Place  Oak Close  Orchard Close  recalled  
Oakhampton  Kingsbridge  Dartington  recalled  
Devon  Dorset  Somerset  recalled  
S C O R E S 

TOTAL ACE-III SCORE               /100 
Attention                /18 

Memory               /26 
Fluency               /14 

Language               /26 
Visuospatial               /16 

 

Updated 20/11/2012 
 

§ Free recall is harder than recognition when people have to choose between alternative 
possibilities 

§ In the Addenbrooke’s Cognitive Examination, participants learn a name and address over 3 
trials (encoding) and are then asked to recall (retrieve) it at the end of the test. If they can’t 
recall elements, they are given recognition test (choose between possible alternatives)



How do we test for episodic memory?
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In the clinical assessment

Retrograde memory

§ Famous news or sports events from preceding months, years and decades: e.g., wars, 
scandals, political events, disasters

§ Remote personal autobiographical memory
§ Formal test: Autobiographical Memory Interview

Hodges (2007) Cognitive Assessment for Clinicians 2nd ed



Causes of episodic memory impairment
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Acute	(transient) •Transient	global	amnesia

•Transient	epileptic	amnesia

•Closed	head	injury
•Drugs,	e.g.	benzodiazepines,	alcohol
•Psychogenic	(hysterical)	fugues

Delirium

Chronic	(persistent) Amnesic	syndrome Dementia

1.	Hippocampal	damage
•Herpes	simplex	virus	encephalitis

•Limbic	encephalitis	(paraneoplastic)

•Anoxia
•Surgical	removal	of	temporal	lobes

•Bilateral	posterior	cerebral	artery	occlusion
•Closed	head	injury
•Early	Alzheimer’s	disease

2.	Diencephalic	damage

•Korsakoff’s syndrome	(alcoholic	and	non-alcoholic)

•Third	ventricle	tumours and	cysts

•Bilateral	thalamic	infarction

•Post-subarachnoid	haemorrhage especially	from	

anterior	communicating	artery	aneurysms

3.	Retrosplenial damage
•Tumours

•Bleeds
•Alzheimer’s	disease

Hodges (2007) Cognitive Assessment for Clinicians 2nd ed



left hemisphere extending farther medially than in the right.
The collateral sulcus appeared in images four through eight
(Figs. 5D–H), and perirhinal cortex occupied its medial bank.

A small part of the entorhinal cortex appeared in the fifth
and sixth images (Figs. 5E,F), but only on the extreme lateral
convexity of the gyrus. The border between the entorhinal and
perirhinal cortices typically falls on the corner of the parahip-
pocampal gyrus near the collateral sulcus. The fifth image cap-
tured the emerging optic tracts, anterior commissure (midline),
and caudate/putamen (Fig. 5E). The anterior-most amygdala—
specifically parts of the endopiriform nucleus and the

corticoamygdalo-transition-area—might have been present in
this image. Noticeably, the anterior-amygdala-area was lacking
at this level. The landmarks in the sixth image included the
optic tract, anterior commissure laterally (very subtle), caudate/
putamen/anterior limb of the internal capsule, globus pallidus,
hypothalamus, and columns of the fornix, indicating that this
slice was at the level of the mid-amygdala (Fig. 5F). In a
healthy brain, this level would represent the amygdala at its
largest extent along with the gyrus ambiens (Brodmann area 34
in humans). The left side may have contained a portion of the
semilunar gyrus slightly dorsal to gyrus ambiens; this possibility

FIGURE 5. Twelve coronal MR images showing the anterior
and posterior extent of H.M.’s medial temporal lobe lesion. Images
were synthesized from multi-echo FLASH scans acquired in situ
and are ordered from anterior (A) to posterior (L). In all images,
note the enlarged ventricles, general atrophy, and a plethora of
regional white matter signal abnormalities. We identify particular
structures (present or absent) in each panel. A, B, C: medial tem-
poral pole removed; D: anterior entorhinal cortex removed (i.e.

piriform cortex), E: cortical amygdala and possibly central nucleus
remained; F: gyrus ambiens or uncus remained; G and H: perirhi-
nal cortex and damaged parahippocampal cortex; I: the body of
the hippocampus visible; J: first full observation of parahippocam-
pal cortex (right side) and fimbria; K: posterior tip of the lesion
(right side is past the lesion), and L: the undamaged parahippo-
campal cortex posterior to the lesion. Magnification bar 5 1 cm.

1276 AUGUSTINACK ET AL.

Hippocampus

The uncinate fasciculus connects the anterior temporal regions
(entorhinal cortex, amygdala, temporopolar cortex) with medial
and lateral orbitofrontal cortex (Crosby et al. 1962). Temporal re-
gions connected by the uncinate fasciculus are involved in epi-
sodic and semantic memory and emotion (Von Der Heide et al.
2013; Murray et al. 2014). The orbitofrontal regions are associated
with response inhibition, mood regulation, and reward (Berlin
et al. 2004; Kramer et al. 2013; Kumfor et al. 2013). Lesions
to the anterior temporal and orbitofrontal regions or their con-
nections often cause mood and behavioral symptoms. In trau-
matic brain injury, for example, patients with lesions to this
anterior orbitofrontal-temporal network show socially inappro-
priate and disinhibited behavior, impulsivity, compulsive eating,
reduced control of emotional response, reduced empathy, rigid-
ity, and perseveration (Zappala et al. 2012; Dal Monte et al.
2014). Patients with anterior temporal lobe epilepsy may also
manifest delusions and hallucinations. Damage to the uncinate
fasciculus and its cortical projections has been reported in
children with conduct disorder (Sarkar et al. 2013) and adults
with psychopathy (Craig et al. 2009). Hence, the disconnection
of the left uncinate fasciculus in Gage may account for some of
the behavioralmanifestations reported byHarlow (1868). The un-
cinate fasciculus has been also associated with semantic deficits
in patients with neurodegenerative disorders (Catani, Dell’acqua

et al. 2013). In the original accounts, Harlow did not report
whether Gage showed impairment in naming or semantic
knowledge. One may speculate that damage to the uncinate fas-
ciculus was limited to themedial “limbic” portion of the uncinate
fasciculus, leaving the most lateral projections to Broca’s area
intact.

The frontal intralobar networks include 3 sets of connections
betweendifferent regions of the frontal lobe: the fronto-orbitopolar
tract, frontal aslant tract, and frontal superior and inferior longitu-
dinal tracts (Catani, Dell’acqua, Vergani et al. 2012; Thiebaut de
Schotten et al. 2012).

The frontal orbitopolar tract represents a transmodal network
for binding memories and emotions with olfactory, taste, visual,
and auditory inputs. Multisensory association and limbic inte-
gration are important to guide complex cognitive and behavioral
functions, such as reward behavior associated with sensory and
abstract reinforcers (e.g., monetary gain and loss) (Kringelbach
2005) or response inhibition (e.g., go-no-go tasks) (Iversen and
Mishkin 1970).

The frontal aslant tract connects Broca’s territory withmedial
frontal areas (including the pre-supplementary motor area and
cingulate cortex) (Lawes et al. 2008; Oishi et al. 2008; Ford et al.
2010; Guevara et al. 2011). In patients with traumatic brain injury,
damage to the frontal aslant tract is correlated with impaired

Figure 5.Major tracts thatwere damaged in Gage (damage affected at least 30% of the tracts’ volume, z-score = 1.7), in Leborgne (damage affected at least 55% of the tracts’
volume, z-score = 1.29), and in Molaison (damage affected at least 5% of the tracts’ volume, z-score = 1.39).
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Patient HM with bilateral medial temporal lesions
involving the hippocampus had severe deficits in 

long-term memory  (LTM) but intact STM capacity

Severe anterograde amnesia

Couldn’t learn new information such as 
events, names or even find his new home. 
Language ‘frozen’ in 1950s so new words 
introduced into the lexicon, e.g. jacuzzi, 
meant nothing to him. 

Patient HM
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Had surgery for intractable epilepsy in 1953 and was left with a profound disorder of episodic memory



left hemisphere extending farther medially than in the right.
The collateral sulcus appeared in images four through eight
(Figs. 5D–H), and perirhinal cortex occupied its medial bank.

A small part of the entorhinal cortex appeared in the fifth
and sixth images (Figs. 5E,F), but only on the extreme lateral
convexity of the gyrus. The border between the entorhinal and
perirhinal cortices typically falls on the corner of the parahip-
pocampal gyrus near the collateral sulcus. The fifth image cap-
tured the emerging optic tracts, anterior commissure (midline),
and caudate/putamen (Fig. 5E). The anterior-most amygdala—
specifically parts of the endopiriform nucleus and the

corticoamygdalo-transition-area—might have been present in
this image. Noticeably, the anterior-amygdala-area was lacking
at this level. The landmarks in the sixth image included the
optic tract, anterior commissure laterally (very subtle), caudate/
putamen/anterior limb of the internal capsule, globus pallidus,
hypothalamus, and columns of the fornix, indicating that this
slice was at the level of the mid-amygdala (Fig. 5F). In a
healthy brain, this level would represent the amygdala at its
largest extent along with the gyrus ambiens (Brodmann area 34
in humans). The left side may have contained a portion of the
semilunar gyrus slightly dorsal to gyrus ambiens; this possibility

FIGURE 5. Twelve coronal MR images showing the anterior
and posterior extent of H.M.’s medial temporal lobe lesion. Images
were synthesized from multi-echo FLASH scans acquired in situ
and are ordered from anterior (A) to posterior (L). In all images,
note the enlarged ventricles, general atrophy, and a plethora of
regional white matter signal abnormalities. We identify particular
structures (present or absent) in each panel. A, B, C: medial tem-
poral pole removed; D: anterior entorhinal cortex removed (i.e.

piriform cortex), E: cortical amygdala and possibly central nucleus
remained; F: gyrus ambiens or uncus remained; G and H: perirhi-
nal cortex and damaged parahippocampal cortex; I: the body of
the hippocampus visible; J: first full observation of parahippocam-
pal cortex (right side) and fimbria; K: posterior tip of the lesion
(right side is past the lesion), and L: the undamaged parahippo-
campal cortex posterior to the lesion. Magnification bar 5 1 cm.
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Hippocampus

The uncinate fasciculus connects the anterior temporal regions
(entorhinal cortex, amygdala, temporopolar cortex) with medial
and lateral orbitofrontal cortex (Crosby et al. 1962). Temporal re-
gions connected by the uncinate fasciculus are involved in epi-
sodic and semantic memory and emotion (Von Der Heide et al.
2013; Murray et al. 2014). The orbitofrontal regions are associated
with response inhibition, mood regulation, and reward (Berlin
et al. 2004; Kramer et al. 2013; Kumfor et al. 2013). Lesions
to the anterior temporal and orbitofrontal regions or their con-
nections often cause mood and behavioral symptoms. In trau-
matic brain injury, for example, patients with lesions to this
anterior orbitofrontal-temporal network show socially inappro-
priate and disinhibited behavior, impulsivity, compulsive eating,
reduced control of emotional response, reduced empathy, rigid-
ity, and perseveration (Zappala et al. 2012; Dal Monte et al.
2014). Patients with anterior temporal lobe epilepsy may also
manifest delusions and hallucinations. Damage to the uncinate
fasciculus and its cortical projections has been reported in
children with conduct disorder (Sarkar et al. 2013) and adults
with psychopathy (Craig et al. 2009). Hence, the disconnection
of the left uncinate fasciculus in Gage may account for some of
the behavioralmanifestations reported byHarlow (1868). The un-
cinate fasciculus has been also associated with semantic deficits
in patients with neurodegenerative disorders (Catani, Dell’acqua

et al. 2013). In the original accounts, Harlow did not report
whether Gage showed impairment in naming or semantic
knowledge. One may speculate that damage to the uncinate fas-
ciculus was limited to themedial “limbic” portion of the uncinate
fasciculus, leaving the most lateral projections to Broca’s area
intact.

The frontal intralobar networks include 3 sets of connections
betweendifferent regions of the frontal lobe: the fronto-orbitopolar
tract, frontal aslant tract, and frontal superior and inferior longitu-
dinal tracts (Catani, Dell’acqua, Vergani et al. 2012; Thiebaut de
Schotten et al. 2012).

The frontal orbitopolar tract represents a transmodal network
for binding memories and emotions with olfactory, taste, visual,
and auditory inputs. Multisensory association and limbic inte-
gration are important to guide complex cognitive and behavioral
functions, such as reward behavior associated with sensory and
abstract reinforcers (e.g., monetary gain and loss) (Kringelbach
2005) or response inhibition (e.g., go-no-go tasks) (Iversen and
Mishkin 1970).

The frontal aslant tract connects Broca’s territory withmedial
frontal areas (including the pre-supplementary motor area and
cingulate cortex) (Lawes et al. 2008; Oishi et al. 2008; Ford et al.
2010; Guevara et al. 2011). In patients with traumatic brain injury,
damage to the frontal aslant tract is correlated with impaired

Figure 5.Major tracts thatwere damaged in Gage (damage affected at least 30% of the tracts’ volume, z-score = 1.7), in Leborgne (damage affected at least 55% of the tracts’
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Patient HM with bilateral medial temporal lesions
involving the hippocampus had severe deficits in 

long-term memory  (LTM) but intact STM capacity

Severe but graded retrograde amnesia

Patient HM

13

Had surgery for intractable epilepsy in 1953 and was left with a profound disorder of episodic memory

Could still recall childhood memories and jobs in 
teens and twenties, but difficulty remembering 
events that occurred in the years immediately 
preceding surgery.

Retrograde memory loss extended back 11yrs



Butters & Cermak 1986

Temporal gradient in retrograde amnesia (Ribot’s law)
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First in, last out | earliest memories survive best



So lesions of hippocampus won’t erase old memories which are consolidated and robustly represented in the cortex. 
Hence graded retrograde amnesia after hippocampal lesions.

But hippocampal lesions would prevent consolidation of new memories. Hence severe anterograde amnesia in HM.  

Consolidation hypothesis of hippocampal role in memory
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‘Standard model’ proposes initially hippocampal-cortical interactions are required but eventually transfers to cortex

Frankland & Bontempi (2005) Nat Rev Neurosci

‘Standard	model’	of	Larry	Squire	



Multiple trace theory of hippocampal role in memory
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Proposed by Nadel & Moscovitch (1997): memory depends upon number of traces in hippocampus 

§ Memories are encoded in hippocampal-cortical networks
§ Memory reactivation leads to multiple traces in the hippocampus linked to cortical networks
§ Traces in hippocampus provide spatial and temporal context
§ Traces in cortex are context-free (or semantic) in nature
§ Retrieval of contextually rich episodic memories also depends on hippocampal-cortical 

networks
§ Retrieval of remote semantic memories is possible in the absence of hippocampus 

At heart of debate between standard theory of consolidation and multiple trace theory is the nature of 
retrograde amnesia following hippocampal damage. In particular, the arguments center on whether 
there can be instances where there is no gradient in retrograde amnesia.

Frankland & Bontempi (2005) Nat Rev Neurosci



Nadel & Moscovitch argue that 
extensive hippocampal damage 
can lead to extensive retrograde 
amnesia with a flat gradient

Multiple trace theory of hippocampal role in memory
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Predictions of Standard model vs MTT
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R E V I EW S

memory circuits. One gene that is regulated in an
experience-dependent manner during sleep is ZIF268.
ZIF268 is a transcription factor that regulates long-term
plasticity and stabilization of retrieved memories105,106.
For example, after rats had explored a novel environ-
ment, upregulation of ZIF268 was observed, during
subsequent sleep, in the hippocampus as well as in
various cortical regions such as the piriform and frontal
cortices107. Similarly, the induction of long-term poten-
tiation (LTP) in the dentate gyrus in awake, behaving
rats led, during subsequent sleep, to upregulation of
ZIF268 in various cortical regions, including the
entorhinal, auditory, somatosensory and frontal
cortices108. Importantly, tetracaine-induced inactivation
of the hippocampus prior to the onset of REM sleep
blocks the upregulation of ZIF268 in these cortical
regions. This indicates that gene expression in the cortex
might be under the control of the hippocampus and,
therefore, that cortical remodelling might depend on
hippocampal activity — at least in the first few hours
after training108. In these studies, upregulation of ZIF268
expression occurred during REM sleep. As replay
predominantly occurs during SWS, this supports a
two-stage model in which sustained high frequency
activity during SWS leads to structural changes in cor-
tical networks that are stabilized during subsequent
REM sleep93.

Mouse genetic studies. Data from these studies indicate
that the gradual remodelling of hippocampal–cortical
circuits depends on many rounds of synaptic modifi-
cation. These changes are initiated in a reactivation-
dependent manner (either during online or offline
situations) and require expression of new genes. The
idea that recurrent reactivation-dependent synaptic
modifications in hippocampal and cortical networks
are essential for the consolidation of memory109,110 has
been tested using genetic approaches in mice. To
address the importance of maintaining the integrity
of the hippocampal trace in the days after training,
mice were generated in which the NR1 subunit of the
NMDA (N-methyl-D-aspartate) receptor (NMDAR)
in CA1 can be deleted in an inducible manner49. Mice
with normal NMDAR function were trained in two
hippocampus-dependent learning tasks: the MORRIS

WATER MAZE and contextual fear conditioning. Supp-
ressing NMDAR function in the week immediately
after training blocked the formation of remote memo-
ries, although suppressing NMDAR function at later
time points did not. Similarly, overexpression of a
dominant-negative form of α-calcium/calmodulin
kinase II (α-CaMKII)111 in the forebrain in the week
immediately after training, but not thereafter, blocks
the formation of remote contextual fear memories54.
These results are consistent with the idea that hippo-
campal replay is vital for memory consolidation in
cortical networks. They identify a crucial week-long
window during which normal hippocampal activity
is important for memory consolidation. This time
window is consistent with the observation that hippo-
campal lesions in the first week after training, but not

Molecular correlates of memory reactivation. Successive
reactivations are thought to promote gradual remodel-
ling of the hippocampal–cortical circuits that support
memory.Around 100 known genes (and ~400 uniden-
tified genes) have been shown to be upregulated during
sleep, independent of circadian time104. It is likely that at
least some of these genes are involved in stabilizing
changes in synaptic strength and structure in reactivated

SPINDLES
Low frequency oscillations 
(7–14 Hz) of neuronal activity
which last 1–4 s and occur in
thalamic and neocortical
networks during slow-wave
sleep.

Box 3 | Multiple trace theory

Multiple trace theory (MTT)26 was proposed in 1997 as an alternative to standard
consolidation models. At the heart of the debate is how to account for instances where
MTL damage produces extensive retrograde amnesia. Although one argument is that
flat gradients are associated with extensive damage to extra-hippocampal regions,
which affect possible sites of permanent storage13,18, Nadel and Moscovitch argued that
the length of the gradient depended on the extent of hippocampal damage as well as the
type of memory being probed. In particular, they noted that when damage included the
whole hippocampal formation, retrograde amnesia for autobiographical (episodic)
information was extensive, spanning much of a subject’s lifetime. These observations
led to the formulation of MTT. HPC, hippocampus.

The main features of the multiple trace theory
• Memories are encoded in hippocampal–cortical networks
• Memory reactivation leads to the generation of multiple traces in the hippocampus,
which are linked to cortical networks
• Traces in the hippocampus provide spatial and temporal context
• Traces in the cortex are context-free (or semantic) in nature
• Retrieval of contextually rich episodic memories always depends on
hippocampal–cortical networks
• Retrieval of remote  semantic memories is possible in the absence of a functional
hippocampus

According to this model, there are two conditions in which hippocampal damage
might be associated with temporally-graded retrograde amnesia. Incomplete
hippocampal lesions should preferentially affect recent rather than remote episodic or
semantic memories, as trace proliferation should render older memories more resistant
to hippocampal damage. Complete hippocampal lesions should abolish all episodic
memories, regardless of their age. Furthermore, semantic components of remote
memories might be spared even after complete hippocampal lesions. Predictions of
standard models (a) and MTT (b) are contrasted above.

This theory shares one important assumption with standard consolidation models —
that is, reactivation of memories initiates a process of reorganization.Where it differs is
in terms of the locus of this reorganization.Although standard models predict that
reorganization occurs in cortical networks, MTT predicts that reactivation should also
lead to the generation of new traces within the hippocampus.
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(Fig. 4F) (Fischl et al., 2004). We estimated the T1 and PD
volumes from a combination of multiecho FLASH scans with
different flip angles. Figure 4D shows only PD contrast (arbi-
trary units, but proportional to spin density); Figure 4E shows
estimated T1 relaxation time (sec). PD reflected only the pro-
ton (or spin) density and was a relatively flat contrast. The
lesions appeared fairly bright because CSF is relatively dense in
free water, while the PD of white matter is slightly less than
that of gray matter. Both appeared darker than CSF in the PD
image. Because higher T1 produces darker voxels in T1-
weighted images, the image showing the absolute T1 value had
the opposite contrast of the MEMPR (i.e., white matter is
darker than gray matter and CSF in the quantitative image
because white matter has a shorter T1 relaxation time). To
optimize contrast and increase signal-to-noise, we created a

synthetic image from the FLASH scans (Deoni et al., 2003;
Fischl et al., 2004). Figure 4F shows the synthetic FLASH
image that would result if the TR had been 22 ms, flip angle
had been 20!, and TE had been 0. This image was synthesized
from the PD and T1 estimates by applying the steady-state
FLASH model, in the reverse of the estimation procedure. We
chose the TR and flip angle to achieve optimal discrimination
between the structures segmented by FreeSurfer (http://www.
surfer.nmr.mgh.harvard.edu/), based on contrast (TE 0 implies
no signal decay due to T2* relaxation). The synthetic image in
Figure 4F has a T1-weighted contrast similar to the MPRAGE.

Lesions in medial temporal lobe structures

Here we describe the specific medial temporal lobe areas
that were explicitly removed and identify other structures that

FIGURE 2. Photograph of the whole fresh brain (inferior sur-
face) taken at H.M.’s autopsy. In the ventral view, the white arrows
on both sides of the brain indicate the lines of cut in the coronal
MRI slices in Figure 5. These slices (white arrows) correspond to
the in situ MRI (Figs. 5A–L). Note the area of excision and addi-
tional fibrous tissue (i.e., scar tissue) bilaterally, and the residual
medial most tissue (bilaterally but larger on the left) in the medial
temporal area, next to cranial nerve III. Abbreviations: B 5 basilar

artery, M 5 medulla, MB 5 mammillary bodies, OB 5 olfactory
bulb, OC 5 optic chiasm, ON 5 optic nerve, TP 5 temporal pole,
V 5 vertebral artery, and III 5 cranial nerve III (oculomotor
nerve). White arrowheads point to posterior temporal artery on
both right and left. Dashed white lines illustrate atrophy in the
cerebellum. Note the black surgical clip on right temporal lobe.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Included virtually all of entorhinal cortex, much of perirhinal cortex & other medial 
temporal lobe structures – so NOT pure hippocampal lesion. In fact
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View of the lateral surface of the brain of a rat (left) and the ventral surface of the brain of a rhesus
monkey (middle) and a human (right) depicting the location and extent of selected structures in or
homologous to those in the medial temporal lobe. The entorhinal cortex is shown in blue, the perirhinal
cortex is shown in gold, and the parahippocampal cortex is shown in pink. (The region homologous with
the parahippocampal cortex of monkeys is known as postrhinal cortex in rats.) In the brain of a macaque
monkey (middle), the approximate locations of the amygdala and hippocampus, which lie deep in the
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boundary between the entorhinal and the perirhinal cortex is located near the fundus of the rhinal sulcus
(rs) in rats (Burwell 2001) and macaque monkeys. In human brains, much of the perirhinal cortex lies
within the collateral sulcus (cs).

objects. As for the parahippocampal cortex,
there is little information about its role in the
visual life of nonhuman primates, although in
the human it is thought by some to house rep-
resentations of places (parahippocampal place
area, e.g., Epstein et al. 1999).

By exploring a new view of visual process-
ing, one that eliminates the stark anatomical
separation of perceptual and mnemonic func-
tions, we aim to move beyond the established
views to achieve a deeper understanding of the
way the cerebral cortex enables monkeys, hu-
mans, and rats to interpret the world and be-
have adaptively. Accordingly, this review con-
siders two ideas:

! First, the MTL is not just for memory.
Recent evidence suggests, to the con-

trary, that the perirhinal cortex, which
lies at the interface of the putative MTL
memory system and the object-analyzer
pathway, plays an essential role in vi-
sual perception as well as memory. On
this “perceptual-mnemonic” view, the
perirhinal cortex operates as part of
both the MTL and the object-analyzer
pathway, as well as part of other cogni-
tive systems.

! Second, different structures in the MTL
make selective contributions to visual
perception and memory. The perirhinal
cortex is dedicated to processing infor-
mation about objects, whereas the hip-
pocampus is dedicated to processing in-
formation about places and paths, with
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objects. As for the parahippocampal cortex,
there is little information about its role in the
visual life of nonhuman primates, although in
the human it is thought by some to house rep-
resentations of places (parahippocampal place
area, e.g., Epstein et al. 1999).

By exploring a new view of visual process-
ing, one that eliminates the stark anatomical
separation of perceptual and mnemonic func-
tions, we aim to move beyond the established
views to achieve a deeper understanding of the
way the cerebral cortex enables monkeys, hu-
mans, and rats to interpret the world and be-
have adaptively. Accordingly, this review con-
siders two ideas:

! First, the MTL is not just for memory.
Recent evidence suggests, to the con-

trary, that the perirhinal cortex, which
lies at the interface of the putative MTL
memory system and the object-analyzer
pathway, plays an essential role in vi-
sual perception as well as memory. On
this “perceptual-mnemonic” view, the
perirhinal cortex operates as part of
both the MTL and the object-analyzer
pathway, as well as part of other cogni-
tive systems.

! Second, different structures in the MTL
make selective contributions to visual
perception and memory. The perirhinal
cortex is dedicated to processing infor-
mation about objects, whereas the hip-
pocampus is dedicated to processing in-
formation about places and paths, with
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HM’s lesions turned out to be very large
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Extended beyond hippocampus to involve other medial temporal lobe structures
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(Fig. 4F) (Fischl et al., 2004). We estimated the T1 and PD
volumes from a combination of multiecho FLASH scans with
different flip angles. Figure 4D shows only PD contrast (arbi-
trary units, but proportional to spin density); Figure 4E shows
estimated T1 relaxation time (sec). PD reflected only the pro-
ton (or spin) density and was a relatively flat contrast. The
lesions appeared fairly bright because CSF is relatively dense in
free water, while the PD of white matter is slightly less than
that of gray matter. Both appeared darker than CSF in the PD
image. Because higher T1 produces darker voxels in T1-
weighted images, the image showing the absolute T1 value had
the opposite contrast of the MEMPR (i.e., white matter is
darker than gray matter and CSF in the quantitative image
because white matter has a shorter T1 relaxation time). To
optimize contrast and increase signal-to-noise, we created a

synthetic image from the FLASH scans (Deoni et al., 2003;
Fischl et al., 2004). Figure 4F shows the synthetic FLASH
image that would result if the TR had been 22 ms, flip angle
had been 20!, and TE had been 0. This image was synthesized
from the PD and T1 estimates by applying the steady-state
FLASH model, in the reverse of the estimation procedure. We
chose the TR and flip angle to achieve optimal discrimination
between the structures segmented by FreeSurfer (http://www.
surfer.nmr.mgh.harvard.edu/), based on contrast (TE 0 implies
no signal decay due to T2* relaxation). The synthetic image in
Figure 4F has a T1-weighted contrast similar to the MPRAGE.

Lesions in medial temporal lobe structures

Here we describe the specific medial temporal lobe areas
that were explicitly removed and identify other structures that

FIGURE 2. Photograph of the whole fresh brain (inferior sur-
face) taken at H.M.’s autopsy. In the ventral view, the white arrows
on both sides of the brain indicate the lines of cut in the coronal
MRI slices in Figure 5. These slices (white arrows) correspond to
the in situ MRI (Figs. 5A–L). Note the area of excision and addi-
tional fibrous tissue (i.e., scar tissue) bilaterally, and the residual
medial most tissue (bilaterally but larger on the left) in the medial
temporal area, next to cranial nerve III. Abbreviations: B 5 basilar

artery, M 5 medulla, MB 5 mammillary bodies, OB 5 olfactory
bulb, OC 5 optic chiasm, ON 5 optic nerve, TP 5 temporal pole,
V 5 vertebral artery, and III 5 cranial nerve III (oculomotor
nerve). White arrowheads point to posterior temporal artery on
both right and left. Dashed white lines illustrate atrophy in the
cerebellum. Note the black surgical clip on right temporal lobe.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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remained. The 12 coronal MR images (Fig. 5) highlight the
lesion extent and illustrate remaining anatomical structures,
based on remaining landmarks (Figs. 5A–L). Levels are spaced
4 mm apart. The first image shows the temporal pole where
the anterior-most portion of the lesion began (Fig. 5A). The
medial temporopolar cortex, mainly dysgranular area 38 and
area 36, were removed. The temporal polar sulcus, located dor-
sally, was partially destroyed.

In the second image (Fig. 5B), the lesion entered prime
temporal polar cortex territory, where we observed the optic
nerves (slightly off the midline) and the caudate nucleus.
Here, the limen insula had not yet connected to the frontal
and temporal lobes. The temporal polar areas, 38 and area
36, were still absent at this level. The olfactory tract, seen
inferiorly to the orbitofrontal gyrus, appeared normal. The
third image (Fig. 5C) was approximately at the level of the
anterior amygdala.

The fourth image (Fig. 5D) fell at the level of the optic
chiasm. Presumptive medial structures were the posterior piri-
form cortex, part of perirhinal cortex (area 35), and temporal
isocortical area 36. In all slices described thus far, the medial
temporal stem was partially damaged bilaterally, and the white
matter quality appeared compromised, with the lesion in the

FIGURE 3. Close-up photographs of H.M.’s medial temporal
lobe showing a ventral view of the right and left temporal regions
(A and B). Tissue was splayed out (due to being unfixed) to reveal
a slightly different viewpoint of the extent of the lesion. In A and
B, the lesion extends from the temporal pole to the mid-
parahippocampal gyrus. Note the absence of tissue and the abun-
dant scar tissue bilaterally. The basilar and vertebral arteries con-
tain several atherosclerotic plaques. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 4. Various MRI contrasts acquired at 3.0 T in situ. (A) multiecho MPRAGE
(MEMPR), (B) T2-SPACE, (C) T2-SPACE FLAIR, (D) quantitative PD, (E) quantitative T1,
(F) synthetic FLASH. Note the lesion in all contrasts, with the borders especially clear in the
multiecho MPRAGE and synthetic FLASH images. T1 and T2-SPACE FLAIR revealed scar tis-
sue faintly in addition to the lesion.
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HM’s lesions turned out to be very large
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Extended beyond hippocampus to involve other medial temporal lobe structures

Included virtually all of entorhinal cortex, much of perirhinal cortex & other medial 
temporal lobe structures – so NOT pure hippocampal lesion.
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View of the lateral surface of the brain of a rat (left) and the ventral surface of the brain of a rhesus
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homologous to those in the medial temporal lobe. The entorhinal cortex is shown in blue, the perirhinal
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temporal lobe, are shown in magenta and gray, respectively, on the left side of the drawing. The
boundary between the entorhinal and the perirhinal cortex is located near the fundus of the rhinal sulcus
(rs) in rats (Burwell 2001) and macaque monkeys. In human brains, much of the perirhinal cortex lies
within the collateral sulcus (cs).

objects. As for the parahippocampal cortex,
there is little information about its role in the
visual life of nonhuman primates, although in
the human it is thought by some to house rep-
resentations of places (parahippocampal place
area, e.g., Epstein et al. 1999).

By exploring a new view of visual process-
ing, one that eliminates the stark anatomical
separation of perceptual and mnemonic func-
tions, we aim to move beyond the established
views to achieve a deeper understanding of the
way the cerebral cortex enables monkeys, hu-
mans, and rats to interpret the world and be-
have adaptively. Accordingly, this review con-
siders two ideas:

! First, the MTL is not just for memory.
Recent evidence suggests, to the con-

trary, that the perirhinal cortex, which
lies at the interface of the putative MTL
memory system and the object-analyzer
pathway, plays an essential role in vi-
sual perception as well as memory. On
this “perceptual-mnemonic” view, the
perirhinal cortex operates as part of
both the MTL and the object-analyzer
pathway, as well as part of other cogni-
tive systems.

! Second, different structures in the MTL
make selective contributions to visual
perception and memory. The perirhinal
cortex is dedicated to processing infor-
mation about objects, whereas the hip-
pocampus is dedicated to processing in-
formation about places and paths, with
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objects. As for the parahippocampal cortex,
there is little information about its role in the
visual life of nonhuman primates, although in
the human it is thought by some to house rep-
resentations of places (parahippocampal place
area, e.g., Epstein et al. 1999).

By exploring a new view of visual process-
ing, one that eliminates the stark anatomical
separation of perceptual and mnemonic func-
tions, we aim to move beyond the established
views to achieve a deeper understanding of the
way the cerebral cortex enables monkeys, hu-
mans, and rats to interpret the world and be-
have adaptively. Accordingly, this review con-
siders two ideas:

! First, the MTL is not just for memory.
Recent evidence suggests, to the con-

trary, that the perirhinal cortex, which
lies at the interface of the putative MTL
memory system and the object-analyzer
pathway, plays an essential role in vi-
sual perception as well as memory. On
this “perceptual-mnemonic” view, the
perirhinal cortex operates as part of
both the MTL and the object-analyzer
pathway, as well as part of other cogni-
tive systems.

! Second, different structures in the MTL
make selective contributions to visual
perception and memory. The perirhinal
cortex is dedicated to processing infor-
mation about objects, whereas the hip-
pocampus is dedicated to processing in-
formation about places and paths, with
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hemispheres (Fig. 1). On the surface, the right and left lesions
appeared roughly symmetrical in length and in respect to ana-
tomical landmarks; however, the full extent of the injury could
only be determined upon dissection. Serial sectioning and direct
tomographic imaging was performed in the coronal plane in
alignment with the anterior and posterior commissures (AC-PC);
these interhemispheric fibre bundles run perpendicular to the
major axis of the brain and form the reference points for a
widely-used standard radiologic stereotaxic system23. AC-PC
alignment ensured that histological sections could be compared
with previous scans of H.M.’s brain19,20, those of other
patients24–27, and neuroimaging data from population-based
studies28. Rigorous stereotaxic orientation also guaranteed that
any interhemispheric differences in the length of the lesion or in
the morphology of the spared hippocampus noted in the
histological images reflected actual anatomical asymmetry
rather than unconventional planes of section.

The results of our examination are based on 2,401 digital
anatomical images and selected corresponding histological sections
that were collected at an interval of 70mm over the course of an
uninterrupted 53-hour procedure. The series of digital images of
the block’s surface was obtained using a digital camera mounted
directly above the microtome stage. Volumetric reconstruction
from these images was the basis for subsequent visualization
and 3D measurements along arbitrary planes. The dissection of
the brain was video-recorded and streamed live on the web to
permit scientific scrutiny and to foster public engagement in the
study29.

3D anatomical measurements in the MTL. Using the 3D
measurement tools in AMIRA (FEI Visualization Science Group,
Burlington, MA, USA) we calculated the distance in each hemi-
sphere from the anterior tip of the temporal lobe to the posterior
boundary of the surgical lesion on each side. This limit was marked
by the most anterior coronal anatomical images that did not show
any sign of disruption in the normal anatomy, which was con-
firmed in corresponding stained histological slices. The lesion fol-
lowed a straight, but slightly oblique path relative to the long axis of
each hemisphere; measured along this axis, its length was 54.5 mm
and 44.0 mm in the left and right hemispheres, respectively. The
value for the left hemisphere was consistent with earlier measure-
ments made on H.M.’s MRI scans acquired in 1992–1993 (ref. 19)
and 2002–2004 (ref. 20). The lesion in the right hemisphere as
measured in our postmortem data was 7 mm shorter than in the
above-mentioned reports that were based on in vivo imaging.

The borders of the surgical resection were clearly demarcated
in the anatomical and histological images; the latter clearly
showed that the WM underlying the excised medial temporal
cortex was also damaged (Fig. 2). We identified a small portion of
the superior-most region of the EC in both hemispheres based on
its distinctive cytoarchitecture; specifically, 0.03 cm3 and 0.11 cm3

for the left and right hemispheres, respectively (these values
correspond approximately to 1.7% and 6.5% of the normal volume,
based on published MRI estimates30). Portions of the centromedial
nucleus of the amygdala were also preserved (Fig. 2h,i).

The extent of the spared hippocampus measured along the
horizontal axis of the brain (which in our study coincided with
the AC–PC line) was 23.6 mm in the left hemisphere and
24.3 mm in the right. Our measurements included the alveus and
the thin band of WM that encapsulates the posterior end of the
hippocampus; the fimbria was excluded from our delineations.
The discrepancy between these new values and those obtained
from earlier MRI data (19 and 22 mm, respectively) is small and
can be explained by differences in the quality of the image data19.
These linear measurements, however, do not fully account for the
geometry of H.M.’s spared hippocampus. The high-resolution
anatomical volume that we created from microtome images
allowed us to inspect the MTL from multiple angles, revealing
that the posterior hippocampus was bent steeply in the dorso-
medial direction (Fig. 3). This curvature is a normal feature of the
periventricular portion of the hippocampus in the human brain,
while the most anterior portion, which is immediately posterior
to the amygdala and adjacent to the EC, is aligned to the
horizontal plane (or major axis) of the hemisphere.

Measuring the dorso-ventral oblique length of the posterior
segment of H.M.’s hippocampus rather than along the AC–PC
line produced higher values, specifically, 36.0 mm for the left
hemisphere and 40.0 mm for the right. The values were greater
when our calculations took curvature into account: in this case, the
actual ‘geodesic’ length of the preserved hippocampus amounted to
45.4 mm in the left hemisphere and 47.2 mm in the right (Fig. 4).

The fact that multiple results can be obtained based on
different measuring criteria makes it necessary to establish a clear
terminology to describe the anatomy of H.M.’s lesion and the
remaining hippocampus in relation to previous reports. In the
context of this communication, we refer to the extent of H.M.’s
hippocampus and related structures as their linear span in the
rostro-caudal direction. This measure can be obtained simply by
multiplying the number of tomographic images by the interval
between them (that is, slice thickness). The anatomical length of
the hippocampus is different and depends on its 3D shape and
orientation in the brain. With this distinction in mind, our
findings can be more easily reconciled with previous reports that
were based on low-resolution scans, where only the extent of the
hippocampus was actually measured19.

c

b

a

Figure 1 | Ventral surface of H.M.’s brain. The fixed specimen was
photographed after removal of the leptomeninges. Evidence of the surgical
lesions in the temporal lobes is highlighted by white geometric contours
(a, b). A mark produced by the oxidation of one of the surgical clips inserted
by Scoville is visible on the parahippocampal gyrus of the right hemisphere
(black arrow). (c) encloses a lesion in the orbitofrontal gyrus that affects
the cortex and WM. Marked cerebellar atrophy is consistent with H.M.’s
long-term treatment with phenytoin. Scale bar, 1 cm.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4122 ARTICLE

NATURE COMMUNICATIONS | 5:3122 | DOI: 10.1038/ncomms4122 | www.nature.com/naturecommunications 3

& 2014 Macmillan Publishers Limited. All rights reserved.

Pathologic anatomy beyond the MTL. While the general size
and cortical folding of the cerebral hemispheres appeared normal
for an individual of H.M.’s age, multiple WM lesions consistent
with lacunar infarctions were present. Cerebellar atrophy was also
evident, likely a consequence of long-term exposure to Dilantin
(phenytoin sodium), which was part of H.M.’s seizure manage-
ment pre- and postoperatively31,32.

Review of the MRI scans and histological sections demon-
strated a spectrum of additional lesions in the WM (Fig. 6). We
also discovered a small focal lesion in the left lateral orbital gyrus,
which was visible on the surface (Fig. 1c) and involved both
cortex and underlying WM (Fig. 7).

Discussion
The 3D microscopic model of H.M.’s brain contained clues that
help understand the surgery performed in 1953. Scoville

approached the MTL of both hemispheres through two small
trephine holes (B3.8 cm in diameter) drilled above the orbits17.
The ablation of the tip of the temporal lobe, the uncus and the
amygdala was made with a scalpel; the sharp edge of the
resections is noticeable in the anatomical and histological
images (Fig. 2d–f). The more posterior MTL tissue was
removed by suction; the fact that the periventricular portion of
the hippocampus escaped the ablation can be explained by tracing
the trajectory of the suction tube. Based on the reconstructed
volume, it is clear that Scoville reached beyond and below the
posterior hippocampus as indicated by the position of the surgical
clip in the sagittal view of each hemisphere (Fig. 3), although the
placement of the clips was also contingent on the pattern of the
surface vasculature.
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Figure 3 | Sagittal views of the right (a) and left (b) hemispheres
reconstructed from the original series of coronal microtome images. The
grey lines intersect at the origin of the origins of the standard coordinate
system23 used for the orientation of the specimen. The blue line indicates the
most anterior level of the temporal lobes (the temporal poles, which are
damaged are not shown in this image). The orange rectangle represents the
bounding box that contains the posterior spared hippocampus (outlined in
green), the widest extent of which is at a more medial level than this image
shows. The black arrows identify the level at which a surgical clip was
positioned on a blood vessel. The red arrows indicate the presence of lesions
in the subcortical WM. AC, plane of the anterior commissure; PC, plane of
the posterior commissure; AC–PC, ideal plane at the level of both the AC and
PC; Ce, cerebellum; LG, lateral geniculate nucleus; Pu, putamen; TP, temporal
pole; RH, right hemisphere; LH, left hemisphere. Scale bar, 1 cm.
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Figure 4 | Triangulated 3D surface reconstruction of H.M.’s spared left
hippocampus. The orange bounding box delimits the dimensions of the
structure; different segments indicate different measurements; a: anterior-
to-posterior extent in the coronal plane, b (dotted): major diagonal axis,
c: anatomical length. The compass cube (A: anterior, L: lateral, S: superior)
also functions as scale bar: 5 mm. The insert at the bottom right
shows a similarly constructed model from the brain of a neurologically
normal subject (78-year-old female donor; volume of the right
hippocampus¼ 3.04 mm3; total brain weight 1,278). Ce, cerebellum; FuGR,
fusiform gyrus of right hemisphere; IT, inferior temporal gyrus;
SN, substantia nigra; Amg, amygdala.
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Pathologic anatomy beyond the MTL. While the general size
and cortical folding of the cerebral hemispheres appeared normal
for an individual of H.M.’s age, multiple WM lesions consistent
with lacunar infarctions were present. Cerebellar atrophy was also
evident, likely a consequence of long-term exposure to Dilantin
(phenytoin sodium), which was part of H.M.’s seizure manage-
ment pre- and postoperatively31,32.

Review of the MRI scans and histological sections demon-
strated a spectrum of additional lesions in the WM (Fig. 6). We
also discovered a small focal lesion in the left lateral orbital gyrus,
which was visible on the surface (Fig. 1c) and involved both
cortex and underlying WM (Fig. 7).

Discussion
The 3D microscopic model of H.M.’s brain contained clues that
help understand the surgery performed in 1953. Scoville

approached the MTL of both hemispheres through two small
trephine holes (B3.8 cm in diameter) drilled above the orbits17.
The ablation of the tip of the temporal lobe, the uncus and the
amygdala was made with a scalpel; the sharp edge of the
resections is noticeable in the anatomical and histological
images (Fig. 2d–f). The more posterior MTL tissue was
removed by suction; the fact that the periventricular portion of
the hippocampus escaped the ablation can be explained by tracing
the trajectory of the suction tube. Based on the reconstructed
volume, it is clear that Scoville reached beyond and below the
posterior hippocampus as indicated by the position of the surgical
clip in the sagittal view of each hemisphere (Fig. 3), although the
placement of the clips was also contingent on the pattern of the
surface vasculature.
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Figure 3 | Sagittal views of the right (a) and left (b) hemispheres
reconstructed from the original series of coronal microtome images. The
grey lines intersect at the origin of the origins of the standard coordinate
system23 used for the orientation of the specimen. The blue line indicates the
most anterior level of the temporal lobes (the temporal poles, which are
damaged are not shown in this image). The orange rectangle represents the
bounding box that contains the posterior spared hippocampus (outlined in
green), the widest extent of which is at a more medial level than this image
shows. The black arrows identify the level at which a surgical clip was
positioned on a blood vessel. The red arrows indicate the presence of lesions
in the subcortical WM. AC, plane of the anterior commissure; PC, plane of
the posterior commissure; AC–PC, ideal plane at the level of both the AC and
PC; Ce, cerebellum; LG, lateral geniculate nucleus; Pu, putamen; TP, temporal
pole; RH, right hemisphere; LH, left hemisphere. Scale bar, 1 cm.
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Figure 4 | Triangulated 3D surface reconstruction of H.M.’s spared left
hippocampus. The orange bounding box delimits the dimensions of the
structure; different segments indicate different measurements; a: anterior-
to-posterior extent in the coronal plane, b (dotted): major diagonal axis,
c: anatomical length. The compass cube (A: anterior, L: lateral, S: superior)
also functions as scale bar: 5 mm. The insert at the bottom right
shows a similarly constructed model from the brain of a neurologically
normal subject (78-year-old female donor; volume of the right
hippocampus¼ 3.04 mm3; total brain weight 1,278). Ce, cerebellum; FuGR,
fusiform gyrus of right hemisphere; IT, inferior temporal gyrus;
SN, substantia nigra; Amg, amygdala.
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Much of the hippocampus was actually intact in HM
A lot of other MTL structures were lesioned, including critically the entorhinal cortex
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HM: Perhaps a man with a deafferented hippocampus
Entorhinal cortex is gateway to hippocampus
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occurred whereas rats with hippocampal damage cannot
effectively combine ‘what’, ‘when’, and ‘where’ qualities of
each experience to compose the retrieved memory. Figure 3
provides an illustration of this model.

Consistent with these findings, many studies have shown
that hippocampal neurons encode many features of events
and the places where they occur (Eichenbaum, 2004). For
example, in one study, rats performed a task in which they
had to recognize any of nine olfactory cues placed in any of
nine locations (Wood et al, 1999). As the location of the
discriminative stimuli was varied systematically, cellular
activity related to the stimuli and behavior could be
dissociated from that related to the animal’s location. Some
hippocampal cells encoded particular odor stimuli, others
were activated when the rat sampled any odor at a particular
place, and yet others fired associated with whether the odor
matched or differed from the earlier cue. However, the
largest subset of hippocampal neurons fired only associated
with a particular combination of the odor, the place where it
was sampled, and the match–nonmatch status of the odor.
Another study examined the firing properties of hippocam-
pal neurons in monkeys performing a task in which they
rapidly learned new scene–location associations (Wirth
et al, 2003). Just as the monkeys acquired a new response to
a location in the scene, neurons in the hippocampus
changed their firing patterns to become selective to
particular scenes.

The combination of findings from the anatomy and
functional characterizations in animal models are consistent
with the anatomically guided hypothesis about the func-
tional organization of the hippocampal system and suggest
mechanisms by which the anatomical components of this
system interact in support of the phenomenology of
episodic recollection. After experience with a stimulus, the
perirhinal and LEAs may match a memory cue to a stored
template of the stimulus, reflected in suppressed activation
that may signal the familiarity of previously experienced
stimuli but does not provide information about where or

when it was experienced. Outputs from perirhinal and LEAs
back to neocortical areas may be sufficient to generate the
sense of familiarity without participation of the hippocam-
pus. In addition, during the initial experience, information
about the to-be-remembered stimulus, processed by the
perirhinal and LEAs, and about the spatial and possibly
nonspatial context of the stimulus, is processed by the
parahippocampal and MEAs, converge in the hippocampus.
During subsequent retrieval, presentation of the cue may
drive the recovery of object-context representations in the
hippocampus that, through back projections, regenerates a
representation of the contextual associations in parahippo-
campal and MEAs, which cascades that information back to
neocortical areas that originally processed the item and
contextual information. This processing pathway may
constitute a principal mechanism for episodic recollection
of unique events across species (Eichenbaum et al, 2007).
Notably, there are also direct connections between peri-
rhinal and parahippocampal cortex and between zones of
the entorhinal cortex (Burwell et al, 1995; Suzuki and
Amaral, 1994). One possibility is that these connections are
strengthened over time after learning through reactivations
that involve loops through the hippocampus, and these
connections within cortical areas might support a gradual
consolidation of memories in those cortical areas (Eichen-
baum et al, 1999); this mechanism could explain why
retrograde amnesia reaches farther back in time when
damage to the MTL includes cortical areas in addition to the
hippocampus (Rempel-Clower et al, 1996).

As described below, studies on humans have shown that a
specific set of neocortical areas beyond the MTL also has
important functions in episodic memory. Studies of the role
in episodic memory of neocortical areas are far less
developed in animals. However, recent evidence suggests
that at least some cortical areas may also have a critical
function in episodic memory in animals. In one such study,
rats with damage to the prefrontal cortex were tested
on recognition memory using signal detection analysis

WHAT
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Item-in-context

Context

PHC-MEA

WHERE
Neocortical
areas

Parahippocampal
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Figure 3. A proposed functional organization of the medial temporal lobe memory system (Eichenbaum et al, 2007). Neocortical input regarding the
object features (‘what’) converges in the perirhinal cortex (PRC) and lateral entorhinal area (LEA), whereas details about the location (‘where’) of objects
converge in the parahippocampal cortex (PHC) and medial entorhinal area (MEA). These streams converge in the hippocampus, which represents items
in the context in which they were experienced. Reverse projections follow the same pathways back to the parahippocampal and neocortical regions.
Back projections to the PHC–MEA may support recall or context, whereas back projections to the PHC–LEA may support recall of item associations.
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What was HM’s short-term memory like?
Intact according to some descriptions, particularly using verbal material

The uncinate fasciculus connects the anterior temporal regions
(entorhinal cortex, amygdala, temporopolar cortex) with medial
and lateral orbitofrontal cortex (Crosby et al. 1962). Temporal re-
gions connected by the uncinate fasciculus are involved in epi-
sodic and semantic memory and emotion (Von Der Heide et al.
2013; Murray et al. 2014). The orbitofrontal regions are associated
with response inhibition, mood regulation, and reward (Berlin
et al. 2004; Kramer et al. 2013; Kumfor et al. 2013). Lesions
to the anterior temporal and orbitofrontal regions or their con-
nections often cause mood and behavioral symptoms. In trau-
matic brain injury, for example, patients with lesions to this
anterior orbitofrontal-temporal network show socially inappro-
priate and disinhibited behavior, impulsivity, compulsive eating,
reduced control of emotional response, reduced empathy, rigid-
ity, and perseveration (Zappala et al. 2012; Dal Monte et al.
2014). Patients with anterior temporal lobe epilepsy may also
manifest delusions and hallucinations. Damage to the uncinate
fasciculus and its cortical projections has been reported in
children with conduct disorder (Sarkar et al. 2013) and adults
with psychopathy (Craig et al. 2009). Hence, the disconnection
of the left uncinate fasciculus in Gage may account for some of
the behavioralmanifestations reported byHarlow (1868). The un-
cinate fasciculus has been also associated with semantic deficits
in patients with neurodegenerative disorders (Catani, Dell’acqua

et al. 2013). In the original accounts, Harlow did not report
whether Gage showed impairment in naming or semantic
knowledge. One may speculate that damage to the uncinate fas-
ciculus was limited to themedial “limbic” portion of the uncinate
fasciculus, leaving the most lateral projections to Broca’s area
intact.

The frontal intralobar networks include 3 sets of connections
betweendifferent regions of the frontal lobe: the fronto-orbitopolar
tract, frontal aslant tract, and frontal superior and inferior longitu-
dinal tracts (Catani, Dell’acqua, Vergani et al. 2012; Thiebaut de
Schotten et al. 2012).

The frontal orbitopolar tract represents a transmodal network
for binding memories and emotions with olfactory, taste, visual,
and auditory inputs. Multisensory association and limbic inte-
gration are important to guide complex cognitive and behavioral
functions, such as reward behavior associated with sensory and
abstract reinforcers (e.g., monetary gain and loss) (Kringelbach
2005) or response inhibition (e.g., go-no-go tasks) (Iversen and
Mishkin 1970).

The frontal aslant tract connects Broca’s territory withmedial
frontal areas (including the pre-supplementary motor area and
cingulate cortex) (Lawes et al. 2008; Oishi et al. 2008; Ford et al.
2010; Guevara et al. 2011). In patients with traumatic brain injury,
damage to the frontal aslant tract is correlated with impaired

Figure 5.Major tracts thatwere damaged in Gage (damage affected at least 30% of the tracts’ volume, z-score = 1.7), in Leborgne (damage affected at least 55% of the tracts’
volume, z-score = 1.29), and in Molaison (damage affected at least 5% of the tracts’ volume, z-score = 1.39).
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SPARING OF SHORT-TERM MEMORY 
IN AN AMNESIC PATIENT: IMPLICATIONS 

FOR STRENGTH THEORY OF MEMORY* 

WAYNE A. WICKELGREN 
Massachusetts Institute of Technology, Cambridge, 

Massachusetts 02139, U.S.A. 

(Received 13 September 1967) 

Abstract--Short-term recognition memory for single-digit numbers, three-digit numbers, and 
the pitch of pure tones was studied in a subject (H.M.) who appears to possess normal short- 
term memory, but to be almost completely lacking in the ability to form new long-term 
memory traces. The primary purpose was to test the short-term memory component of a dual- 
trace strength theory developed for normal subjects. To a first approximation, H.M.'s trace- 
strength decay curves are exponential, as postulated by strength theory for short-term memory. 
Furthermore, the rate of decay of this trace for H.M. is well within the range of normal subjects. 
These findings agree with previous findings on H.M. in support of a dual-trace theory of 
memory. More particularly, the present findings support the strength theory of memory 
proposed by WICKELGREN and NORMAN [15]. 

As  A CONSEQUENCE of  b i la tera l  removal  o f  the mesial  par t s  o f  the t empora l  lobes, H .M.  
has an  a lmos t  comple te  inabi l i ty  to form new long- term m e m o r y  traces for  bo th  verbal  
and  non-verba l  stimuli.  W h a t  is perhaps  mos t  r emarkab le  abou t  H . M . ' s  deficit is its 
pur i ty .  On the basis o f  present  evidence, it  appears  tha t  H .M.  has  no obvious  persona l i ty  
change, no deficit  in pe r fo rmance  tests tha t  involve only previous ly  acquired knowledge  
(such as a s t anda rd  intell igence test), very litt le remaining  re t rograde  amnesia,  no deficit 
in long- term motor -sk i l l  learning,  and  no deficit  in immedia te  m e m o r y  span. Na tu ra l ly ,  
it  is still poss ible  tha t  some more  sophis t ica ted  test  would  show a deficit in one o f  these areas  
where previous  tests have not,  bu t  there  is considerable  suppor t  for  the assert ion tha t  H . M . ' s  
p r imary  deficit is in the fo rma t ion  o f  new long- term m e m o r y  traces for  stimuli.  F o r  a 
comple te  review of  findings concerning H .M. ,  see MILNER [-5] and  other  papers  in this issue. 

H . M . ' s  apparen t ly  n o r m a l  shor t - te rm memory ,  accompan ied  by  vir tual ly  comple te  
inabi l i ty  to fo rm new long- term m e m o r y  traces,  provides  a r emarkab le  oppor tun i ty  to 
test  theories o f  shor t - te rm m e m o r y  under  condi t ions  where one can be quite sure tha t  
little or  no long- term m e m o r y  is con tamina t ing  the results.  The  present  pape r  tests whether  
H . M . ' s  pe r fo rmance  in cer ta in  verba l  and  non-verba l  shor t - te rm recogni t ion  m e m o r y  
tasks  can  be adequa te ly  descr ibed by  the shor t - te rm m e m o r y  componen t  o f  a par t icu la r  
theory,  namely,  s t rength theory  [-12, 14, 15]. 

The  ma jo r  assumpt ions  o f  s t rength theory  as appl ied  to  shor t - te rm recogni t ion  m e m o r y  
are as fol lows:  (a) The  shor t - te rm m e m o r y  t race for  an i tem can be  descr ibed by  a single 

* This work was supported primarily by grant, MH 00890-03, from the National Institute of Mental 
Health, U.S. Public Health Service. Further aid was received from a National Aeronautics and Space 
Administration grant NsG 496, to Hans-Lukas Teuber. 
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Medial temporal lobe patients do have WM deficits 
For object identity – location binding BUT note that cause of MTL lesions

Olson et al (1986) J Neurosci
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Figure 13.1 A depiction of the task and data from Olson and colleagues (2006). Study participants
were required to remember sequentially presented common objects, locations, or both over an 8-second
delay. The results showed that age-matched normal controls and amnesic patients with MTL damage had
normal levels of memory performance when single features (objects or locations) had to be remembered.
However, when required to remember the relationship between an object and the location in which it
had appeared, the amnesic group showed a disproportionate deficit.

The neuroimaging literature is consistent with these neuropsychological findings. For
instance, Piekema and colleagues (2006) conducted an event-related fMRI study in which
participants were required to remember three sequentially presented items. Stimuli consisted
of numbers that were presented in different colors and in different screen locations An instruc-
tional cue presented at the start of each trial indicated which feature or feature associations
had to be remembered, such as colors plus locations. After a 9–20-second delay, a probe item
was presented and an old/new decision was elicited. The results showed that the right hip-
pocampus was activated during the delay period of the trial and that activity was modulated by
the type of information that needed to be maintained. Specifically, it was sensitive to feature
combinations that included spatial information but not to single items or non-spatial-feature
combinations (color–number combinations; Piekema et al., 2006).

Sharpening relational processing theory

Although the relational memory hypothesis enjoys a great deal of popularity, it is plagued by
a lack of specificity that gives rise to interpretive problems and questions. A first issue is how
exactly to define the terms “relational” and “associative.” Association formation encompasses

sented objects, locations, or object plus location conjunctions
(Mitchell et al., 2000a,b). If the MTL is important for relational
binding at short delays, then amnesic patients should have intact
memory for objects or locations, but impaired memory for ob-
jects plus locations. Alternatively, if the long-term binding hy-
pothesis is true, amnesics should show intact performance in all
conditions.

Materials and Methods
Participants. The lesion group in experiment 1 consisted of nine
patients with bilateral medial temporal lobe damage (for details,
see Table 1). Amnesia resulted from an anoxic episode (n ! 6) or
from encephalitis (n ! 3). Inspection of magnetic resonance im-
ages (MRIs) showed that four of the patients had damage limited
to the hippocampus, and four of the patients had damage extend-
ing into other MTL structures including the perirhinal and ento-
rhinal cortex. MRI data were not available for one of the anoxic
patients because of the presence of a pacemaker. The average
verbal intelligence quotient (IQ) as measured by the Wechsler
Adult Intelligence Scale, third edition (Wechsler, 1997a), was
108. The general-memory score on the Wechsler Memory Scale,
third edition (Wechsler, 1997b), was 58 and the delayed-memory
score was 63. Six of these patients and one new patient were tested
3– 6 months later in experiment 2.

Control participants in experiment 1 were 10 healthy adults
(five males, five females, 45–77 years, M ! 64 years) with an
average of 14 years of education and an average verbal IQ of 113.
Control participants in experiment 2 were eight healthy adults
(two males, six females) with an average of 14 years of education
and an average verbal IQ of 113. There was no difference between
the MTL group and the respective control group in terms of age,
education, or verbal IQ in either experiment (all p values "0.10).
All participants were cooperative and attentive and had normal
or corrected-to-normal visual acuity.

Design and statistical analysis. In addition to the between-
subject variable (patient vs control), there were two within-
subject variables: (1) condition (object, location, or object plus
location conjunction, referred to hereafter as “conjunction”),
and (2) interstimulus interval (ISI; 1 or 8 s). Data from object and
location trials were combined into a “feature” condition after
assuring that there was no accuracy difference between these con-
ditions (Mitchell et al., 2000b). This resulted in a 2 # 2 # 2
design.

Hit rates (responding “yes” on a “match” trial) and false alarm
rates (responding “yes” on a “nonmatch” trial) were used to cal-
culate corrected recognition (hits minus false alarms).

Materials. The stimuli consisted of 259 colorized Snodgrass
and Vanderwart-like renderings (Rossion and Pourtois, 2004) of
common objects and animals, which were presented within a 3 #
3 black grid on a white background. Stimulus size was $5 cm by
5 cm. The 3 # 3 grid was 20 cm by 20 cm. Stimuli were shown
without replication.

Equipment. Participants were tested individually on either a
laptop computer or a desktop computer. They sat at an unre-
stricted viewing distance of $57 cm, at which distance 1cm cor-
responds to 1° viewing angle. The experiment was programmed
in E-prime.

Task and procedure. The task was to remember either three
objects, locations, or object–location conjunctions over a short
delay period and then make a recognition judgment. Trial onset
was signaled by the onset of the grid, followed by the sequential
presentation of 3 stimuli. Each stimulus was presented for 1 s, and
separated by a 13 ms ISI. Each stimulus appeared within one of
nine randomly chosen locations, with the restriction that there
was no repetition of locations within a three-item sequence. After
the memory sequence finished, there was an unfilled delay inter-
val of 1 or 8 s. Last, the probe image was shown and a recognition
judgment was elicited. Participants pressed one key for a “same”
response and a second key for a “different” response. After the
response was entered, the screen cleared and there was a 500 ms
blank intertrial interval.

An equal number of match and nonmatch trials were ran-
domly intermixed in each condition. Probes on match trials were
sampled from all items/locations shown on the memory image.
Depending on the condition, participants were asked to indicate
whether the object, location, or conjunction of object and loca-
tion, matched one seen in the memory image. The probe image
during the “object” block of trials consisted of one drawing pre-
sented in the center of the grid. On match trials, the drawing had
been presented in the memory sequence for that trial, whereas on
nonmatch trials, a novel stimulus was presented. The probe im-
age during the “location” block of trials consisted of one filled
black circle that appeared in one of the nine grid locations. On
match trials, the black circle appeared in one of the previously
filled locations. On nonmatch trials, it appeared in a location that
had not been filled during the memory sequence. The probe im-
age during the “conjunction” trials consisted of one drawing that
appeared in one of the nine grid locations. On match trials, both
the object and the location matched the object plus location con-
junction from the memory sequence. On nonmatch trials, an
object from the memory sequence for that trial was recombined

Table 1. Patient characteristics

WAIS-III WMS-III

Age Sex Edu Etiology MTL Lesion VIQ GM AD VD WM

Description
48* M 14 Anoxia Bi H 111 59 52 72 96
76 F 12 Anoxia Bi H 107 59 64 65 83
52* M 17 Anoxia Pacemaker 134 70 67 75 88
75 M 18 Anoxia Bi H 113 75 80 72 102
54* F 12 Anoxia Bi H, PRC, R amg 83 52 55 56 91
46* F 14 Anoxia Bi H 90 45 52 53 93
49* M 14 Enceph Bi H, PRC, ERC, amg 92 45 55 56 85
61 F 12 Enceph Bi H, PRC, ERC, PHG, R amg 106 69 77 68 111
76* F 18 Enceph Bi H, PRC, ERC, amg, temporal pole 135 45 58 53 141
42** M 16 Anoxia Bi H, PRC, ERC, L fusiform 86 49 52 53 93

Edu, Education in years; VIQ, verbal intelligence quotient; GM, general memory index; AD, auditory delay index; VD, visual delay index; WM, working memory index; Enceph, encephalitis; Bi, bilateral; H, hippocampus; PRC, perirhinal cortex;
ERC, entorhinal cortex; amg, amygdala; PHG, parahippocampal gyrus; R, right; L, left; WAIS-III, Wechsler Adult Intelligence Scale, third edition; WMS-III, Wechsler Memory Scale, third edition. *Patients tested in both experiments. **Patient
tested only in experiment 2.

Olson et al. • Conjunction Memory in Amnesia J. Neurosci., April 26, 2006 • 26(17):4596 – 4601 • 4597
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Medial temporal lobe patients do have WM deficits 
For object identity – location binding

Jeneson,  Mauldin & Squire (2010) J Neurosci

should be impaired in these tasks even at small set sizes, and even
when controls perform perfectly in these conditions.

Materials and Methods
Experiment 1
Participants. Four memory-impaired patients participated (Table 1).
Three patients had bilateral lesions thought to be limited to the hip-
pocampus (CA fields, dentate gyrus, and subicular complex). KE became
amnesic in 2004 after an episode of ischemia associated with kidney
failure and toxic shock syndrome. LJ (the only female) became amnesic
in 1988 during a 6 month period with no known precipitating event. Her
memory impairment has been stable since that time. GW became amne-
sic in 2001 following a drug overdose and associated respiratory failure.
One patient (GP) had severe memory impairment resulting from viral
encephalitis, together with intact perceptual and intellectual functions
(Bayley et al., 2006; Shrager et al., 2006). He has demonstrated virtually
no new learning since the onset of his amnesia, and during repeated
testing over many weeks he did not recognize that he had been tested
before (Bayley et al., 2005a).

Estimates of medial temporal lobe damage were based on quantitative
analysis of magnetic resonance images of the patients compared with
data for 19 (for KE, GW, and GP) or 11 (for LJ) controls (Gold and
Squire, 2005). Nine coronal magnetic resonance images from each pa-
tient, together with detailed descriptions of the lesions, appear in supple-
mental Figure 1 (available at www.jneurosci.org as supplemental
material). KE, LJ, and GW had an average bilateral reduction in hip-
pocampal volume of 49, 46, and 48%, respectively (all values !3 SDs
from the control mean). On the basis of two patients (LM and WH) with
similar bilateral volume loss in the hippocampus for whom detailed post-
mortem neurohistological information was obtained (Rempel-Clower et
al., 1996), this degree of volume loss likely reflects nearly complete loss of
hippocampal neurons. The volume of the parahippocampal gyrus, by
contrast, is reduced by 17, "8, and 12%, respectively (all values within 2
SDs of the control mean). GP had average bilateral reductions in hip-
pocampal volume of 96%. The volume of the parahippocampal gyrus
(temporopolar, perirhinal, entorhinal, and parahippocampal cortices) is
reduced by 93%.

Additional measurements, based on four con-
trols for each patient, were performed for the
frontal, lateral temporal, parietal, and occipital
lobes; insular cortex; and fusiform gyrus (Bayley
et al., 2005b). For all patients, the volumes of each
of these regions were within 16% of the control
volumes, and none of the patients has volume
reductions !2 SDs of the control mean.

Nine controls also participated (eight males;
mean age, 62.2 # 3.2 years; mean education,
14.8 years).

Materials and procedure. The procedure was
based on modifications of earlier studies of ob-
ject–location memory using arrays of toys as
memoranda (Smith and Milner, 1981, 1989;
Crane and Milner, 2005). The stimuli consisted
of 60 small, nameable objects and their exact
duplicates (Fig. 1A), plus two additional ob-
jects that were used for practice. On average,
the objects measured 6.9 cm long, 4.0 cm wide,
and 2.8 cm high.

Participants completed four test blocks, each consisting of a trial involving
1, 2, 3, 4, or 5 objects. Within each block, the first trial used one object, and
then the set size was sequentially increased. Unique objects were used for
each trial. At each stage, the same objects were used for all participants (e.g.,
a toy car was always used for a set size of one in the first block).

Before each trial, the experimenter arranged the objects in a pseudo-
random pattern on a 60 $ 60 cm white tabletop (Fig. 1). Care was taken
that the objects were well distributed and that they were not arranged in
an easily identifiable pattern such as a square or a straight line. In addi-
tion, no object was closer than 7 cm from the edge of the table or closer
than 7 cm from any other object. Participants were instructed that they
would be shown an array of objects and that they should point to each
object, name each object, and study their exact locations. They were also
told how much time was available for study (5 s per object). Participants
then saw the array for the first time. Immediately after study, participants
moved to an adjacent 60 $ 60 cm white table where duplicate objects had
been placed in the middle of the tabletop (%1 s retention interval). Partici-
pants were reminded that their task was to place the objects in their original
locations. It was emphasized that participants should be as accurate as pos-
sible in placing the objects. There was no time limit. Measurement of each
object’s displacement from its original location was calculated from photo-
graphs of the test array taken after each trial (see Scoring, below).

Before testing, participants completed practice with two objects. To
emphasize the importance of accuracy, the array of two objects was pre-
sented again as needed, until both objects were placed within 5 cm of
their original location.

Scoring. Before each study array was presented, the position of each
object was marked on a piece of translucent Plexiglas overlaying the
array. Then, after participants finished arranging the objects on each
trial, the marked Plexiglas was placed over the array, and a photograph
was taken and subsequently imported to Matlab. For scoring, the dis-
tance between each object’s location at test and that same object’s loca-
tion at study (as marked on the Plexiglas) was measured from each
photograph using the Matlab ruler tool (Fig. 1B,C). An average of these
displacement scores for all the objects in the array was then calculated to
yield a mean displacement score for each set size across all four blocks of
the experiment.

Figure 1. Experiment 1. A, At study, participants named the objects in an array (from one to five) and tried to memorize their
exact locations. Participants then immediately moved to an adjacent table where they attempted to place the objects in their
original arrangement (retention interval, %1 s). B, A typical test trial in which a participant has attempted to place each object in
its original location. The green crosses illustrate each object’s original location, and the line links each cross to the location in which
the object was placed at test. In this example, the displacement error involves placing one or more of the objects in an incorrect
location that no object had occupied originally. C, A test trial illustrating another kind of displacement error where each object is
placed near a location that had been occupied originally, but the locations of two objects are interchanged.

Table 1. Characteristics of memory-impaired patients

Patient Gender Age (years) Education (years) IQ (WAIS-III)

WMS-R

Attention Verbal Visual General Delay

KE M 67 13.5 108 114 64 84 72 55
LJ F 71 12 101 105 83 60 69 &50
GW M 49 12 108 105 67 86 70 &50
GP M 61 16 98 102 79 62 66 50

The Wechsler Adult Intelligence Scale-III (WAIS-III) and the Wechsler Memory-Scale Revised (WMS-R) yield mean scores of 100 in the normal population, with a SD of 15. The WMS-R does not provide numerical scores for individuals who
score &50. M, Male; F, female; IQ, intelligence quotient.
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Experiment 2
Participants. These were the same as in experiment 1. Experiments 1 and
2 were administered at least 6.5 weeks apart (mean ! 12.5 weeks).

Materials and procedure. The stimuli consisted of 56 small, nameable ob-
jects and their exact duplicates, plus two additional objects that were used for
practice. Fifty-four of these objects were also used in experiment 1.

The general procedure was the same as in experiment 1 (i.e., objects
were arranged in an array in a pseudorandom pattern, unique objects
were used for each trial, testing moved sequentially from small to larger
set sizes, and the intratrial interval was "1 s). At study, participants saw
1–7 objects. At test, they again tried to place each object as it was origi-
nally. In this experiment, participants continued with study and test trials
at the same set size (with the same objects and object locations) until they
succeeded in reaching a criterion or failed 10 times in succession (see
Scoring, below).

Controls were tested once with set sizes 1–7. Patients were tested twice
with set sizes 1–7. The two test sessions were scheduled at least 1 week
apart. Unique objects were used for each of the two tests.

Scoring. As in experiment 1, the position of each object at study was
marked on Plexiglas. Then, after participants finished arranging the ob-
jects on each trial, the Plexiglas was placed over the array. The experi-
menter then placed cardboard circles (5 cm radius) on the marked
locations. To reach criterion, each object in the array needed to be in
contact with its corresponding circle (i.e., the edge of each object needed
to be placed within 5 cm of where it was originally centered) (Fig. 2). In
this way, it could be quickly determined whether criterion had been
reached on any given trial. The score was the number of trials needed to
reach criterion per set size (scores averaged over two test sessions for each
patient). A score of 11 was given when participants failed to reach crite-
rion after 10 attempts. For some patients, the test proved so taxing that
testing had to be discontinued before the largest set size was presented. In
these cases, the patient average is based on the available patient data.

Results
Experiment 1
The patients with hippocampal lesions (n ! 3) and patient GP,
with large medial temporal lobe lesions, exhibited a similar pat-
tern of performance. They performed as well as controls at small
set sizes but were markedly impaired at larger set sizes. The per-
formance of patients with hippocampal lesions (measured as
mean object displacement for each set size) was intact for set sizes
1 through 3, began to decline at set size 4, and declined sharply at
set size 5 (Fig. 3A). Thus, the patients were able to maintain in
memory a small number of object–location associations as well as
controls, but they made substantial errors when asked to remem-
ber five object–location associations (mean displacement, 11.2 vs
6.2 cm; t(10) ! 4.9, p # 0.001). The MTL patient GP performed

normally at set sizes 1 and 2 but his performance declined sharply
at larger set sizes (Fig. 3B). The pattern of results was the same
when performance was measured as mean maximum displace-
ment as a function of set size (i.e., the mean of the largest displace-
ments in each of the four trials at a given set size).

The displacement errors made by the patients were of two
kinds. Most of the errors involved placing one or more of the
objects in an incorrect location that no object had occupied orig-
inally (Fig. 1B). The other kind of error occurred when each
object was placed near a location that had been occupied origi-
nally, but the locations of two (or more) objects were inter-
changed (Fig. 1C). All of the hippocampal patients and the
medial temporal lobe patient GP exhibited this second kind of
error (GW, one of four trials at set size 5; LJ, one of four trials at
set sizes 4 and 5; KE, one of four trials at set sizes 4 and 5; GP, two
of four trials at set size of 4 and one of four trials at set size 5). One
control also exhibited this second kind of error at set size 4, an-
other control exhibited this error at a set size of 5, and a third
control exhibited this error at both set sizes 4 and 5. Thus, neither
patients nor controls exhibited this second kind of error until the
array consisted of at least four objects.

We also asked whether some displacement errors occurred
because participants correctly maintained the spatial relation-
ships among the objects in the array but displaced the entire array
by some amount (e.g., all objects placed seven cm below their
original locations). One control exhibited this kind of error (dis-
placing the entire array) at set 2. No patient exhibited this error.

Experiment 2
As in experiment 1, the patients with hippocampal lesions and
patient GP exhibited a similar pattern of performance. They per-
formed well at small set sizes but then declined abruptly at larger
set sizes. The performance of the hippocampal patients (mea-
sured as mean number of trials needed to reach criterion at each
set size) declined a little beginning at a set size of 2 and then
declined sharply beginning at set size 5 (Fig. 4 A). The MTL
patient (GP) performed as well as controls for set sizes 1, 2,
and 3 but was unable to reach criterion for any set sizes larger
than 3 (Fig. 4 B). By contrast, no control ever needed more than
four trials to reach criterion, even with large set sizes. The pattern of
results was similar when the displacement measure from experiment
1 was used to assess performance (using the first trials at each set
size).

By both measures (the number of trials needed to reach crite-
rion and the mean displacement on the first trial), the perfor-
mance of the patients with hippocampal lesions was variable at

Figure 2. Experiment 2. A, At study, participants named the objects in an array (from one to
seven) and tried to memorize their exact locations. Participants then immediately moved to an
adjacent table where they attempted to place the objects in their original arrangement (reten-
tion interval, "1 s). B, A typical test trial in which a participant has attempted to place each
object in its original location. The green crosses illustrate each object’s original location. In the
trial illustrated, the participant did not reach criterion because one of the objects was placed
outside the circle (5 cm radius) that defined the object’s original location.
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Figure 3. Experiment 1. Participants saw one to five objects in an array and then, on an
adjacent table, attempted to place them in their original locations. The data show the mean
distance that the objects were displaced from their original locations as a function of set size. A,
Patients with circumscribed hippocampal damage (H). B, Patient GP with large medial tempo-
ral lobe lesions (MTL); CON, controls. Error bars indicate SEM.
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Capacity overflow hypothesis to explain these deficits 
For object identity – location binding

should be impaired in these tasks even at small set sizes, and even
when controls perform perfectly in these conditions.

Materials and Methods
Experiment 1
Participants. Four memory-impaired patients participated (Table 1).
Three patients had bilateral lesions thought to be limited to the hip-
pocampus (CA fields, dentate gyrus, and subicular complex). KE became
amnesic in 2004 after an episode of ischemia associated with kidney
failure and toxic shock syndrome. LJ (the only female) became amnesic
in 1988 during a 6 month period with no known precipitating event. Her
memory impairment has been stable since that time. GW became amne-
sic in 2001 following a drug overdose and associated respiratory failure.
One patient (GP) had severe memory impairment resulting from viral
encephalitis, together with intact perceptual and intellectual functions
(Bayley et al., 2006; Shrager et al., 2006). He has demonstrated virtually
no new learning since the onset of his amnesia, and during repeated
testing over many weeks he did not recognize that he had been tested
before (Bayley et al., 2005a).

Estimates of medial temporal lobe damage were based on quantitative
analysis of magnetic resonance images of the patients compared with
data for 19 (for KE, GW, and GP) or 11 (for LJ) controls (Gold and
Squire, 2005). Nine coronal magnetic resonance images from each pa-
tient, together with detailed descriptions of the lesions, appear in supple-
mental Figure 1 (available at www.jneurosci.org as supplemental
material). KE, LJ, and GW had an average bilateral reduction in hip-
pocampal volume of 49, 46, and 48%, respectively (all values !3 SDs
from the control mean). On the basis of two patients (LM and WH) with
similar bilateral volume loss in the hippocampus for whom detailed post-
mortem neurohistological information was obtained (Rempel-Clower et
al., 1996), this degree of volume loss likely reflects nearly complete loss of
hippocampal neurons. The volume of the parahippocampal gyrus, by
contrast, is reduced by 17, "8, and 12%, respectively (all values within 2
SDs of the control mean). GP had average bilateral reductions in hip-
pocampal volume of 96%. The volume of the parahippocampal gyrus
(temporopolar, perirhinal, entorhinal, and parahippocampal cortices) is
reduced by 93%.

Additional measurements, based on four con-
trols for each patient, were performed for the
frontal, lateral temporal, parietal, and occipital
lobes; insular cortex; and fusiform gyrus (Bayley
et al., 2005b). For all patients, the volumes of each
of these regions were within 16% of the control
volumes, and none of the patients has volume
reductions !2 SDs of the control mean.

Nine controls also participated (eight males;
mean age, 62.2 # 3.2 years; mean education,
14.8 years).

Materials and procedure. The procedure was
based on modifications of earlier studies of ob-
ject–location memory using arrays of toys as
memoranda (Smith and Milner, 1981, 1989;
Crane and Milner, 2005). The stimuli consisted
of 60 small, nameable objects and their exact
duplicates (Fig. 1A), plus two additional ob-
jects that were used for practice. On average,
the objects measured 6.9 cm long, 4.0 cm wide,
and 2.8 cm high.

Participants completed four test blocks, each consisting of a trial involving
1, 2, 3, 4, or 5 objects. Within each block, the first trial used one object, and
then the set size was sequentially increased. Unique objects were used for
each trial. At each stage, the same objects were used for all participants (e.g.,
a toy car was always used for a set size of one in the first block).

Before each trial, the experimenter arranged the objects in a pseudo-
random pattern on a 60 $ 60 cm white tabletop (Fig. 1). Care was taken
that the objects were well distributed and that they were not arranged in
an easily identifiable pattern such as a square or a straight line. In addi-
tion, no object was closer than 7 cm from the edge of the table or closer
than 7 cm from any other object. Participants were instructed that they
would be shown an array of objects and that they should point to each
object, name each object, and study their exact locations. They were also
told how much time was available for study (5 s per object). Participants
then saw the array for the first time. Immediately after study, participants
moved to an adjacent 60 $ 60 cm white table where duplicate objects had
been placed in the middle of the tabletop (%1 s retention interval). Partici-
pants were reminded that their task was to place the objects in their original
locations. It was emphasized that participants should be as accurate as pos-
sible in placing the objects. There was no time limit. Measurement of each
object’s displacement from its original location was calculated from photo-
graphs of the test array taken after each trial (see Scoring, below).

Before testing, participants completed practice with two objects. To
emphasize the importance of accuracy, the array of two objects was pre-
sented again as needed, until both objects were placed within 5 cm of
their original location.

Scoring. Before each study array was presented, the position of each
object was marked on a piece of translucent Plexiglas overlaying the
array. Then, after participants finished arranging the objects on each
trial, the marked Plexiglas was placed over the array, and a photograph
was taken and subsequently imported to Matlab. For scoring, the dis-
tance between each object’s location at test and that same object’s loca-
tion at study (as marked on the Plexiglas) was measured from each
photograph using the Matlab ruler tool (Fig. 1B,C). An average of these
displacement scores for all the objects in the array was then calculated to
yield a mean displacement score for each set size across all four blocks of
the experiment.

Figure 1. Experiment 1. A, At study, participants named the objects in an array (from one to five) and tried to memorize their
exact locations. Participants then immediately moved to an adjacent table where they attempted to place the objects in their
original arrangement (retention interval, %1 s). B, A typical test trial in which a participant has attempted to place each object in
its original location. The green crosses illustrate each object’s original location, and the line links each cross to the location in which
the object was placed at test. In this example, the displacement error involves placing one or more of the objects in an incorrect
location that no object had occupied originally. C, A test trial illustrating another kind of displacement error where each object is
placed near a location that had been occupied originally, but the locations of two objects are interchanged.

Table 1. Characteristics of memory-impaired patients

Patient Gender Age (years) Education (years) IQ (WAIS-III)

WMS-R

Attention Verbal Visual General Delay

KE M 67 13.5 108 114 64 84 72 55
LJ F 71 12 101 105 83 60 69 &50
GW M 49 12 108 105 67 86 70 &50
GP M 61 16 98 102 79 62 66 50

The Wechsler Adult Intelligence Scale-III (WAIS-III) and the Wechsler Memory-Scale Revised (WMS-R) yield mean scores of 100 in the normal population, with a SD of 15. The WMS-R does not provide numerical scores for individuals who
score &50. M, Male; F, female; IQ, intelligence quotient.
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Experiment 2
Participants. These were the same as in experiment 1. Experiments 1 and
2 were administered at least 6.5 weeks apart (mean ! 12.5 weeks).

Materials and procedure. The stimuli consisted of 56 small, nameable ob-
jects and their exact duplicates, plus two additional objects that were used for
practice. Fifty-four of these objects were also used in experiment 1.

The general procedure was the same as in experiment 1 (i.e., objects
were arranged in an array in a pseudorandom pattern, unique objects
were used for each trial, testing moved sequentially from small to larger
set sizes, and the intratrial interval was "1 s). At study, participants saw
1–7 objects. At test, they again tried to place each object as it was origi-
nally. In this experiment, participants continued with study and test trials
at the same set size (with the same objects and object locations) until they
succeeded in reaching a criterion or failed 10 times in succession (see
Scoring, below).

Controls were tested once with set sizes 1–7. Patients were tested twice
with set sizes 1–7. The two test sessions were scheduled at least 1 week
apart. Unique objects were used for each of the two tests.

Scoring. As in experiment 1, the position of each object at study was
marked on Plexiglas. Then, after participants finished arranging the ob-
jects on each trial, the Plexiglas was placed over the array. The experi-
menter then placed cardboard circles (5 cm radius) on the marked
locations. To reach criterion, each object in the array needed to be in
contact with its corresponding circle (i.e., the edge of each object needed
to be placed within 5 cm of where it was originally centered) (Fig. 2). In
this way, it could be quickly determined whether criterion had been
reached on any given trial. The score was the number of trials needed to
reach criterion per set size (scores averaged over two test sessions for each
patient). A score of 11 was given when participants failed to reach crite-
rion after 10 attempts. For some patients, the test proved so taxing that
testing had to be discontinued before the largest set size was presented. In
these cases, the patient average is based on the available patient data.

Results
Experiment 1
The patients with hippocampal lesions (n ! 3) and patient GP,
with large medial temporal lobe lesions, exhibited a similar pat-
tern of performance. They performed as well as controls at small
set sizes but were markedly impaired at larger set sizes. The per-
formance of patients with hippocampal lesions (measured as
mean object displacement for each set size) was intact for set sizes
1 through 3, began to decline at set size 4, and declined sharply at
set size 5 (Fig. 3A). Thus, the patients were able to maintain in
memory a small number of object–location associations as well as
controls, but they made substantial errors when asked to remem-
ber five object–location associations (mean displacement, 11.2 vs
6.2 cm; t(10) ! 4.9, p # 0.001). The MTL patient GP performed

normally at set sizes 1 and 2 but his performance declined sharply
at larger set sizes (Fig. 3B). The pattern of results was the same
when performance was measured as mean maximum displace-
ment as a function of set size (i.e., the mean of the largest displace-
ments in each of the four trials at a given set size).

The displacement errors made by the patients were of two
kinds. Most of the errors involved placing one or more of the
objects in an incorrect location that no object had occupied orig-
inally (Fig. 1B). The other kind of error occurred when each
object was placed near a location that had been occupied origi-
nally, but the locations of two (or more) objects were inter-
changed (Fig. 1C). All of the hippocampal patients and the
medial temporal lobe patient GP exhibited this second kind of
error (GW, one of four trials at set size 5; LJ, one of four trials at
set sizes 4 and 5; KE, one of four trials at set sizes 4 and 5; GP, two
of four trials at set size of 4 and one of four trials at set size 5). One
control also exhibited this second kind of error at set size 4, an-
other control exhibited this error at a set size of 5, and a third
control exhibited this error at both set sizes 4 and 5. Thus, neither
patients nor controls exhibited this second kind of error until the
array consisted of at least four objects.

We also asked whether some displacement errors occurred
because participants correctly maintained the spatial relation-
ships among the objects in the array but displaced the entire array
by some amount (e.g., all objects placed seven cm below their
original locations). One control exhibited this kind of error (dis-
placing the entire array) at set 2. No patient exhibited this error.

Experiment 2
As in experiment 1, the patients with hippocampal lesions and
patient GP exhibited a similar pattern of performance. They per-
formed well at small set sizes but then declined abruptly at larger
set sizes. The performance of the hippocampal patients (mea-
sured as mean number of trials needed to reach criterion at each
set size) declined a little beginning at a set size of 2 and then
declined sharply beginning at set size 5 (Fig. 4 A). The MTL
patient (GP) performed as well as controls for set sizes 1, 2,
and 3 but was unable to reach criterion for any set sizes larger
than 3 (Fig. 4 B). By contrast, no control ever needed more than
four trials to reach criterion, even with large set sizes. The pattern of
results was similar when the displacement measure from experiment
1 was used to assess performance (using the first trials at each set
size).

By both measures (the number of trials needed to reach crite-
rion and the mean displacement on the first trial), the perfor-
mance of the patients with hippocampal lesions was variable at

Figure 2. Experiment 2. A, At study, participants named the objects in an array (from one to
seven) and tried to memorize their exact locations. Participants then immediately moved to an
adjacent table where they attempted to place the objects in their original arrangement (reten-
tion interval, "1 s). B, A typical test trial in which a participant has attempted to place each
object in its original location. The green crosses illustrate each object’s original location. In the
trial illustrated, the participant did not reach criterion because one of the objects was placed
outside the circle (5 cm radius) that defined the object’s original location.
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Figure 3. Experiment 1. Participants saw one to five objects in an array and then, on an
adjacent table, attempted to place them in their original locations. The data show the mean
distance that the objects were displaced from their original locations as a function of set size. A,
Patients with circumscribed hippocampal damage (H). B, Patient GP with large medial tempo-
ral lobe lesions (MTL); CON, controls. Error bars indicate SEM.
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Focal medial temporal lesions with amnesia and seizures
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Voltage-gated potassium channel mediated limbic encephalitis



Focal medial temporal lesions
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CA3 atrophy on 7T MRI

Discussion
The present results provide clear evidence that the CA2 subregion
of the hippocampus and the EC have a higher level of Lewy pa-
thology than any other hippocampal region in patients with DLB,
among both neocortical and limbic subtypes of pathology. The
pathology was confirmed to be in CA2 rather than CA3 by virtue
of being distal to MFs from the DG labeled using two distinct

molecular markers (Kohara et al., 2014). Lewy pathology was also
apparent in CA1, CA3, CA4, and the subiculum, although not to
the same degree as in CA2 and EC. There was often little or no
Lewy pathology in the DG. CA2 Lewy pathology burden was
strongly correlated with EC Lewy pathology burden, but not with
CA1 or CA3. However, CA1 and CA3 were highly correlated with
each other, as were CA3 and CA4.

Figure 3. Distribution and severity of Lewy pathology show differential regional involvement. A, Heat map of Lewy pathology in hippocampal subfields from DLB cases (n ! 95) shows increased
burden in area CA2 and entorhinal cortex. The DG is relatively free of pathology by comparison. The color-coded scale is based on average pathology rating per subregion. Major known hippocampal
projections are displayed as solid lines, whereas the suspected EC–CA2 circuit is shown as a dashed line (hippocampal diagram adapted with permission from Yang et al., 2008). B, Graphical
representation of heat map data. Sub, Subiculum. Error bars indicate " SE.
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What was where task? Bind object identity to location
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Focal MTL lesion patients show significantly greater misbinding

Pertzov et al (2013) Brain
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Because fMRI does not have fine temporal resolution,
other techniques, such as MEG [51], are necessary to
address this possibility).

In fact, the ubiquity of the correlation between hippo-
campal engagement and relational encoding is so striking
that recent work has focused on determining whether
relational processing could be a core process subserved by
hippocampal mechanisms, one that even transcends the
long-held notion that hippocampal function is specialized
to support long-term explicit memory. For example,
recent work with amnesiacs suggests that MTL damage
leads to deficits of implicit or unconscious memory

[52–55], working memory [56,57,58!!] and even percep-
tion ([59] but see [60]), as long as the information to be
retained is relational in nature.

Conclusions: implications of these data for
single and dual process accounts of memory
The evidence presented herein, along with many findings
not covered in this review (e.g. data from neuropsycho-
logical patients, memory studies using subjective mea-
sures of recollection and familiarity, and fMRI data
collected during retrieval), provides evidence that the
hippocampus supports domain-general relational proces-
sing [2,3]. At the same time, evidence is emerging that

Item, context and relational episodic encoding in humans Davachi 697

Figure 3

Graphical summary of extant findings on the role of distinct MTL subregions in memory formation. It is thought that stimulus identity is processed in
parallel to contextual information such as the spatial layout of a perceived environment. Emerging evidence suggests that perirhinal cortex processes
and encodes high-level featural and semantic information of the elements within an episode while posterior parahippocampal cortex appears to be
sensitive to the spatial layout, or context of an experience. Both of these regions provide input, primarily via the entorhinal cortex, into the
hippocampus that subserves the relational integration of these elements into a coherent representation. Abbreviations: A, amygdale; Hipp,
hippocampus; PhC and Post; Parahipp, parahippocampal gyrus; PrC, perirhinal cortex.

www.sciencedirect.com Current Opinion in Neurobiology 2006, 16:693–700

also supports item recognition. The finding that hippo-
campal processing supports item recognition would pro-
vide evidence for a single general encoding process. To
test these predictions, it is necessary to assess both
successful relational memory and successful item recog-
nition. This would enable one to determine whether
activation in a brain region is consistent with relational
binding (Figure 1b), item encoding (Figure 1c) or, rather,
shows a pattern consistent with a single encoding process
supporting both item and relational encoding (Figure 1d).

Only a subset of the studies examining episodic relational
encoding contemporaneously enable the assessment of
item encoding, which requires comparison of encoding
activation during trials that lead to later successful item
recognition with that during trials that lead to unsuccess-
ful item recognition or missed items. However, of that
subset, the overwhelming majority has provided evidence
that hippocampal encoding activation is, indeed, specifi-
cally correlated with relational memory outcome, with
hippocampal activation not distinguishing between items
later recognized and those forgotten (Figure 1b). Con-
versely, in many of those same studies, activation in the
PrC correlates with later item, but not relational, memory

694 The neurobiology of behaviour

Box 1 Measuring relational memory

The subsequent memory (SM) paradigm enables the analysis of
brain activation patterns during the performance of an encoding task
(e.g. making an abstract or concrete decision about each word) to be
based on each individual subject’s performance on a later memory
test. One can, thus, compare brain activation during the encoding of
words later remembered with that of those later forgotten [61]. This
approach has been widely used to reveal the neural processes
differentially supporting relational memory by contrasting the SM
effects correlated with recognition of individual items from a previous
study episode (i.e. item memory) with SM effects correlating with the
recovery of additional episodic information (i.e. relational memory).
Furthermore, the SM paradigm can be used to reveal patterns of
brain activation correlated with both objective (e.g. source memory
paradigms) and subjective (e.g. remember/know paradigm [62,63])
measures of relational memory. The advantage of objective tests is
that mnemonic recovery can be verified. Their disadvantage,
however, is that recollection is usually conditionalized on the
recovery of only one bit of criterial information, which raises the
possibility that any given trial could be mislabeled as not involving
memory of details when, in fact, many details — albeit not the
specific kind of detail that the memory test is designed to assess —
are available. By contrast, subjective memory tests enable an all-
inclusive, albeit subjective, measure of relational memory because
the subjects are asked to decide for any given trial whether they are
able to recall any additional episodic details.

Figure 1

The human medial temporal lobe and encoding activation predictions of single and dual process models. (a) Anatomical subregions of the
medial temporal lobe displayed on a sagittal section taken from the Montreal Neurological Institute normalized template in SPM99 (Wellcome
Department of Cognitive Neurology, London). (b–d) Hypothetical patterns of BOLD response in brain regions involved in item encoding,
relational encoding or both as predicted by single and dual process accounts. A dual-process account predicts that a region important in
relational encoding (b) will exhibit a pattern of activation distinct from one participating in item encoding (c). A single-process account would
predict that brain regions important in memory formation show a pattern of brain activation consistent with both item encoding (i.e. item
recognition > misses) and relational encoding (i.e. relational memory > item recognition). Data reviewed herein provide data consistent with
dual encoding mechanisms, such as those schematized in (b) and (c).

Current Opinion in Neurobiology 2006, 16:693–700 www.sciencedirect.com
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High resolution imaging at 7 Tesla

Alzheimer’s Disease

AD is the most common clinical amnesic syndrome,
although it is important to keep in mind that by definition
its diagnosis involves the presence of more than pure
memory lossFthe dementia of AD is a multidomain
disorder, typically including executive dysfunction and
varying degrees of visuospatial and language deficits. The
prodromal phase of AD before dementia, which may last for
a decade or more, is referred to as mild cognitive
impairment (MCI), the prototypical form of which is
amnesic. Amnesic MCI has received extensive investigative
attention in the last decade (Frank and Petersen, 2008), with
recent efforts illuminating functional and structural
abnormalities in the MTL (Dickerson and Sperling, 2008).

The anatomy of AD not only involves prominent MTL
pathology very early in the course of the disease (Gomez-
Isla et al, 1996), but also pathologic involvement of lateral
temporoparietal and medial parietal cortex, as well as a
lesser (and more variable) degree of pathology in lateral and
medial prefrontal cortex. Although the involvement of these
non-MTL cortical regions has been long known from
studies of postmortem tissue (Arnold et al, 1991; Tomlinson
et al, 1970), their early involvement has been clarified with
modern in vivo neuroimaging studies (Buckner et al, 2005;
Dickerson et al, 2009; Klunk et al, 2004). Figure 7 shows
MTL atrophy in a patient with mild AD.

Structural neuroimaging has shown the atrophy of
regions within the MTL memory system in AD (Jack et al,
1997), as well as cortical regions that include important
hubs of the episodic memory system (Dickerson and
Sperling, 2008). Figure 8 highlights cortical regions that
undergo atrophy in AD. The degree of atrophy of some of
these regions relates to the level of specific types of memory
impairment in AD (de Toledo-Morrell et al, 2000). Beyond
structural measures of regional brain atrophy, functional
neuroimaging has shown that dysfunction of these regions
is present in patients with AD and that the level of
dysfunction relates to the severity of memory impairment
(Chetelat et al, 2003; De Santi et al, 2001; Mosconi et al,
2008). Recently, revolutionary new imaging technology
using molecular ligands that bind to pathologic protein
forms that accumulate in the AD brain is illuminating the
localization and severity of pathology in various brain
regions in living patients (Klunk et al, 2004; Small et al,
2006). Investigators have begun to combine these various
imaging modalities to highlight the important observation
that the molecular pathology of AD is localized in and is
associated with dysfunction and atrophy of brain areas that
include the episodic memory network (Buckner et al, 2005;
Mormino et al, 2009). Further work using these techniques
promises to build important bridges spanning the gap
between postmortem histology and in vivo imaging
measures of brain-behavior changes in patients with AD.

The memory deficit of AD is classically conceptualized as
a dysfunction of consolidation or ‘storage’ (Salmon, 2008).
This is widely measured in the clinic using tests of delayed

free verbal recall, which show the patient’s inability to
spontaneously retrieve words that were encoded 10–20 min
or so previously. Retention or ‘savings’ measures are also
heavily used, which explicitly provide a measure indicting
the percentage of information that was initially recalled
during learning that is still able to be recalled without
cueing after a delay. Other hallmarks of this amnesic
syndrome include intrusions from interference materials
and discriminability deficits on recognition measures.

It is important to recognize that delayed free recall of
recently learned information is dependent on a variety of
processes subserved by the large-scale memory network as
outlined above, including executive control processes
involved in retrieval effort and search as well as monitoring
and decision making, which are likely subserved by systems
outside the MTL, in addition to the primary memory
processes supported by the MTL itself. It may be that this
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Figure 7. Ultrahigh-resolution (380mm in-plane voxel size) structural
MRI images of the human medial temporal lobe in a 24-year-old
neurologically intact individual (a) and in a 72-year-old patient with mild
Alzheimer’s disease (b). In the young individual, a variety of MTL
subregions can be seen, including CA3/dentate gyrus (1), CA1 (2),
subiculum (3), entorhinal cortex (4), perirhinal cortex (5), and amygdala
(6). Hippocampal formation and other medial temporal lobe structures are
atrophic in Alzheimer patient.
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Earliest regions to show tau pathology (neurofibrillary tangles) is entorhinal cortex | Braak staging

beyond (frontal neocortex) (Fig. 2B). In this evolutional
context, the functionally unified group of subcortical
nuclei also developed new subdivisions, and the cortical
projections from these more recent subdivisions reached
the newer cortical structures, e.g. the transentorhinal

region, as well as the predominantly neocortically-oriented
portions of the entorhinal region (Fig. 2B) (for such ‘inte-
grated phylogeny’ see Rapoport, 1988, 1990, 1999).

To connect areas within the neocortex, pyramidal cells of
layers II–III of primary sensory areas give rise to projections

Figure 1 AT8-immunopositive NFT stages I-VI of the pathological process underlying sporadic Alzheimer’s disease in coronal

100 mm sections cut perpendicular to the intercommissural axis. (A) NFT stages I (left) and II (right) in a cognitively unremarkable 80-

year-old female, who died of myocardial infarction. The tau pathology develops first and foremost in the most superficial cellular layer (layer pre-!)

of the transentorhinal (stage I) and entorhinal cortex (stage II). (B) NFT stages II (left) and IV (right) in a 75-year-old cognitively impaired male, who

died of a metastatic pulmonary neoplasm. Differences between hemispheres usually do not exceed more than one NFT stage. The existence of

such cases makes it very unlikely that a separate ‘age-related non-Alzheimer’s disease-related’ tauopathy exists, in which, purportedly, the tau

lesions intrinsically do not progress beyond the limits of the entorhinal cortex and hippocampus. (C) NFT stage III in a 90-year-old female (cause

of death: malignant pancreas neoplasm). The section is cut through the hippocampal formation at the level of the uncus (left) and through the

amygdala (right). Here, the Alzheimer’s disease-related tau changes are seen not only in the transentorhinal and entorhinal cortices but also in the

medially adjoining amygdala and hippocampal formation, as well as in laterally adjoining portions of the basal temporal neocortex. (D) NFT stage

VI in a 72-year-old severely demented female patient with Alzheimer’s disease (cause of death: aspiration pneumonia). Note that all portions of the

cerebral cortex become involved in the late-phase of the Alzheimer’s disease process. Scale bar in B applies to A, C and D. (E and F) Major

entorhinal connectivities. (E) Neocortical afferences (black arrows) converge on the transentorhinal and entorhinal layer pre-!, whence the data

are transferred via the perforant path (red arrows) to the hippocampal formation. The border between the entorhinal and transentorhinal regions

is marked by a dashed grey line. (F) A dense back-projection from the subiculum in the hippocampal formation terminates in the entorhinal deep

layer pri-! (blue arrows) and is transferred from there back to the neocortex (black arrows). Adapted with permission from Braak H and Del

Tredici K, Alzheimers Dement 2012; 8: 227-33 and Adv Anat Embryol Cell Biol 2015a; 215: 1-162.

2816 | BRAIN 2015: 138; 2814–2833 H. Braak and K. D. Tredici
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This Journal feature begins with a case vignette highlighting a common clinical problem. 
Evidence supporting various strategies is then presented, followed by a review of formal guidelines,  
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A 70-year-old woman has been noticing increasing forgetfulness over the past 6 to 
12 months. Although she has always had some difficulty recalling the names of ac-
quaintances, she is now finding it difficult to keep track of appointments and recent 
telephone calls, but the process has been insidious. She lives independently in the 
community; she drives a car, pays her bills, and is normal in appearance. A mental 
status examination revealed slight difficulty on delayed recall of four words, but the 
results were otherwise normal. Does the patient have mild cognitive impairment? 
How should her case be managed?

The Clinic a l Problem

Mild cognitive impairment represents an intermediate state of cognitive function 
between the changes seen in aging and those fulfilling the criteria for dementia and 
often Alzheimer’s disease.1 Most people undergo a gradual cognitive decline, typically 
with regard to memory, over their life span; the decline is usually minor, and although 
it may be a nuisance, it does not compromise the ability to function. A minority of 
people, perhaps 1 in 100, go through life with virtually no cognitive decline and are 
regarded as aging successfully. However, another trajectory of aging is characterized 
by a decline in cognitive function beyond that associated with typical aging; the de-
cline is often recognized by those experiencing it and occasionally by those around 
them. Known as “mild cognitive impairment,” this entity has been receiving consid-
erable attention in clinical practice and research settings.2

Mild cognitive impairment is classified into two subtypes: amnestic and non-
amnestic.3 Amnestic mild cognitive impairment is clinically significant memory 
impairment that does not meet the criteria for dementia. Typically, patients and 
their families are aware of the increasing forgetfulness. However, other cognitive 
capacities, such as executive function, use of language, and visuospatial skills, are 
relatively preserved, and functional activities are intact, except perhaps for some 
mild inefficiencies. Nonamnestic mild cognitive impairment is characterized by a 
subtle decline in functions not related to memory, affecting attention, use of lan-
guage, or visuospatial skills (Fig. 1). The nonamnestic type of mild cognitive im-
pairment is probably less common than the amnestic type and may be the forerunner 
of dementias that are not related to Alzheimer’s disease, such as frontotemporal 
lobar degeneration or dementia with Lewy bodies.4 In clinical trials involving 
patients with amnestic mild cognitive impairment, more than 90% of those with 
progression to dementia had clinical signs of Alzheimer’s disease.5

The estimated prevalence of mild cognitive impairment in population-based 
studies ranges from 10 to 20% in persons older than 65 years of age.6-10 In the 
Mayo Clinic Study of Aging, a prospective, population-based study of persons 
without dementia who were between 70 and 89 years of age at enrollment, the 
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prevalence of amnestic mild cognitive impair-
ment was 11.1% and that of nonamnestic mild 
cognitive impairment was 4.9%.11

Several longitudinal studies have shown that 
most persons with mild cognitive impairment are 
at increased risk for the development of demen-
tia.6,8-10 As compared with the incidence of demen-
tia in the general U.S. population, which is 1 to 2% 
per year, the incidence among patients with mild 
cognitive impairment is significantly higher, with 
an annual rate of 5 to 10% in community-based 
populations12 and 10 to 15% among those in spe-
cialty clinics (the latter rates reflecting the fact that 
cognitive impairment is typically more advanced by 
the time a person seeks medical attention).12,13 
Although some data suggest that the rate of rever-
sion to normal cognition may be as high as 25 to 
30%, recent prospective studies have shown lower 
rates.9 Moreover, reversion to normal cognition at 
the time of short-term follow-up does not preclude 
later progression. Longer periods of follow-up in 
community-based studies are needed to determine 
whether reported rates of progression are consis-
tent over a prolonged period.

S tr ategies a nd E v idence

Evaluation
For the clinician, making the distinction between 
mild cognitive impairment and normal aging can 
be a challenge. Subtle forgetfulness, such as mis-
placing objects and having difficulty recalling 
words, can plague persons as they age and prob-
ably represents normal aging. The memory loss 
that occurs in persons with amnestic mild cogni-
tive impairment is more prominent. Typically, they 
start to forget important information that they 
previously would have remembered easily, such as 
appointments, telephone conversations, or recent 
events that would normally interest them (e.g., for 
a sports fan, outcomes of sporting events). How-
ever, virtually all other aspects of function are pre-
served. The forgetfulness is generally apparent to 
those close to the person but not to the casual 
observer.

The patient’s history typically raises the suspi-
cion of a decline in cognition, usually memory, and 
neuropsychological testing may be necessary to 
corroborate the decline, especially for cases in 

Memory impairment

Change in condition:
Not normal

Not dementia
Decline in cognition

Preserved functional abilities

Report of cognitive impairment by patient

Amnestic MCI Nonamnestic MCI

Memory alone Memory and other
cognitive domains

Single nonmemory
domain

Multiple nonmemory
domains

Yes No

Figure 1. Diagnostic Algorithm for Amnestic and Nonamnestic Mild Cognitive Impairment.

MCI denotes mild cognitive impairment.
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MCI Patients have an annual risk of ~10% conversion to diagnosis of Alzheimer’s disease 

AD on measures of general cognition and other non-
memory indexes. While there may have been mild
impairments in some of the domains of cognition, eg,
full-scale IQ, the actual raw score difference was suffi-
ciently small, eg, a full-scale IQ of 101.8 vs 98.0 for
controls and subjects with MCI, respectively, to not be
clinically meaningful. That is, it is doubtful that most
clinicians would say that a subject with a full-scale IQ
of 98 was demented on the basis of this measure. The
subjects with MCI performed more poorly than the
control subjects on the Controlled Oral Word Associa-
tion Test, but once again, the performance of the sub-
jects with MCI was in the normal range for age based
on our community studies.35 This is not to say, how-
ever, that these subjects may not have incipient clinical
AD; rather, most clinicians would be reluctant to make
the diagnosis of AD at this stage. In addition, it is not
likely that these subjects have a significant functional
deficit since their mean CDR sum of box scores was 1.5
with most of the decline being accounted for by
memory deficits. However, the patients with very mild
AD (CDR 0.5) had a mean CDR sum of the box score of
3.3 that reflected these subjects’ impairment in func-
tional domains.

From a memory perspective, the subjects with MCI
appeared more like the patients with AD than the con-
trol subjects. Again, this is not surprising considering the
selection criteria, but these data lend quantitation to these
criteria. In fact, if the clinician sees a patient with im-
paired delayed recall performance or difficulty benefit-
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Figure 1. Relative performance among 4 groups: controls, subjects with mild cognitive impairment (MCI) (Clinical Dementia Rating [CDR] 0.5), and patients with
Alzheimer disease (AD) (CDR 0.5; CDR 1), on measures of global cognitive functioning, Mini-Mental State Examination (MMSE), and full-scale IQ compared with
performance on measures of delayed recall for verbal materials (Logical Memory II) and nonverbal materials (Visual Reproductions II).
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A Swedish study showed that subjects with mild 
cognitive impairment who had low levels of 
β-amyloid peptide 42 (Aβ42) and elevated levels 
of tau protein in cerebrospinal f luid were sig-
nificantly more likely to undergo progression to 
Alzheimer’s disease than subjects without this 
profile (hazard ratio, 17.7; 95% confidence inter-
val, 5.3 to 58.9); a similar relative risk of progres-
sion was associated with a low ratio of Aβ42 to 
tau in the cerebrospinal fluid.28 An international 
multicenter study of 750 subjects with mild cogni-
tive impairment corroborated these general find-
ings29,30 but used different cutoff points for ab-
normal findings. The reliability of these markers 
is highly variable across laboratories; standard-
ization will be needed before they are considered 
for incorporation into routine care.

The use of molecular imaging, particularly of 
amyloid plaques in the brain (Fig. 3), has also been 
studied as a possible approach to risk stratifica-
tion.31-33 In several studies, subjects with mild cog-
nitive impairment in whom amyloid was detected 
on positron-emission tomography (PET) with the 
use of the amyloid-binding carbon 11–labeled Pitts-
burgh compound B had more rapid progression to 
Alzheimer’s disease than did subjects in whom 
amyloid was not detected.34 The rationale for using 
this technique to predict disease progression is that 
the presence of amyloid in a patient with mild 
cognitive impairment is likely to indicate that the 
patient has early Alzheimer’s disease; however, 
amyloid has been detected on autopsy in clinical-
ly normal persons, indicating that the predictive 
value of this measure requires further study.35

Management

From a clinical perspective, patients with mild cog-
nitive impairment should not be labeled as having 
early Alzheimer’s disease, prodromal Alzheimer’s 
disease, or mild cognitive impairment of the Alz-
heimer’s disease type, since the patient and fam-
ily are likely to hear only “Alzheimer’s disease” and 
not appreciate the uncertainty of the association 
with Alzheimer’s disease.36 Clinicians should make 
it clear that mild cognitive impairment is an abnor-
mal condition but that the precise outcome is not 
certain.

At present, no medication intended for the 
treatment of mild cognitive impairment has been 
approved by the Food and Drug Administration 
(FDA). In several placebo-controlled clinical trials, 
there was no significant reduction in rates of 
progression to dementia among patients with 
mild cognitive impairment who were treated with 
agents used to treat Alzheimer’s disease (donepe-
zil, galantamine, and rivastigmine, administered 
at standard doses for Alzheimer’s disease for 2 to 
4 years).5,37-40 In one trial evaluating the effects of 
high-dose vitamin E (2000 IU daily) or donepezil 
in persons with mild cognitive impairment, do-
nep ezil significantly reduced the risk of pro-
gression to Alzheimer’s disease for the first 12 
months of the study (and for up to 24 months in 
the subgroup of subjects who were carriers of 
APOE ε4) but had no significant effect on the 
risk of Alz heimer’s disease at 36 months, which 
was the primary study outcome; vitamin E did 
not significantly reduce the risk of progression 
at any time point assessed.5

A B C

Figure 2. Coronal MRI Scans from Patients with Normal Cognition, Mild Cognitive Impairment, and Alzheimer’s 
Disease.

The arrows depict the hippocampal formations and the progressive atrophy characterizing the progression from nor-
mal cognition (Panel A) to mild cognitive impairment (Panel B) to Alzheimer’s disease (Panel C).
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to direct, sustain and shift their focus. The individual is,  
therefore, likely to have reduced orientation to their 
environment, and at times to oneself. This symptom 
has sometimes been referred to as ‘reduced level of 
conscious ness’ or confusional state,11 although distur-
bance in awareness is a more accurate description. The 
disturb ance of awareness tends to develop over hours to 
days, and typically fluctuates in the course of the day, 
often worsening in the evening. Delirium can be caused 
by an underlying medical condition, substance intoxica-
tion or withdrawal, exposure to toxins, or a combination 
of these factors. Patients may be hyperactive, hypoactive 
or have a mixed level of activity. The criteria for delirium 
are listed in Box 1.

Mild and major neurocognitive disorder
In this broad category of neurocognitive disorders, there 
is clear decline from a previous level of functioning in 
one or more of the key cognitive domains (Figure 2). 
Attention may be disturbed in these disorders, but, in 
contrast to delirium, this disturbance is not the core 

feature, and awareness of the environment is gener-
ally retained, except in very severely impaired patients. 
There fore, the diagnoses of mild or major neuro cognitive 
disorder are not made if the cognitive deficits occur in the 
context of persistent delirium, but can be made in patients 
for whom delirium manifests and then resolves.

Mild neurocognitive disorder is a new addition to the 
DSM nomenclature, previously subsumed by the non-
specific category of ‘cognitive disorder not otherwise 
specified,’ and represents a new framework for the com-
monly used diagnosis of MCI.12 Major neurocognitive 
disorder mostly obviates the older concept of dementia, 
even though DSM-5 retains ‘dementia’ in parentheses 
to indicate that it may still be used (discussed further 
below). Mild and major neurocognitive disorders are cat-
egorical diagnostic constructs imposed on an underlying 
continuum of cognitive impairment from normality to 
severe impairment, as seen in the clinic and the popula-
tion. Therefore, the structure of the DSM-5 criteria for 
mild neurocognitive disorder is parallel to that for major 
neurocognitive disorder, with the differences being the 
severity of cognitive deficits and functional impairment.

DSM-5 does not permit the diagnosis of mild or major 
neurocognitive disorders if the cognitive deficits can be 
better explained by another mental disorder, such as 
major depression or schizophrenia. This approach has 
been criticised by some commentators,22 who argue 
that distinct neurocognitive disorders can be caused by 
mental disorders such as major depression, as implicit in 
the con cept of depressive dementia. Under this frame-
work, these neurocognitive disorders would be regarded 
as aetio logical subtypes rather than as confounding 
factors. The argument in favour of the DSM-5 approach 
is that neuro cognitive disorders are only diagnosed for 
conditions that have cognitive deficits as the core or 
defining feature: though psychiatric disorders should be 
considered in the differential diagnosis of neurocognitive 
disorders, distinct conditions should not be  conflated.

Mild neurocognitive disorder
The use of the diagnosis of MCI has become common-
place in clinical practice, partly because many patients 
with cognitive decline now seek treatment earlier in the 
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justified. Furthermore, many brain diseases result in cog-
nitive impairments that may not meet the threshold of 
functional impairment specified by the DSM-IV demen-
tia diagnosis, but nonetheless have implications for the 
individual and those around them.

The move to diagnose neurocognitive disorders as early 
as possible emerged from the recognition of a long pre-
dementia stage in neurodegenerative diseases, improve-
ments in early diagnosis, and the increasing emphasis 
on early intervention to prevent or postpone dementia. 
Importantly, mild neurocognitive disorder is not always a 
precursor of major neurocognitive disorder, and the diag-
nosis has no requirement for further decline: there may be 
continued decline, as in the neurodegenerative disorders, 
or the impairment may be static, as in traumatic brain 
injury. The introduction of mild neurocognitive dis order 
has been criticized on the grounds that it medicalizes 

normality and might lead to many ‘worried well’ indi-
viduals with no disease being wrongly diagnosed, leading 
to unnecessary diagnostic tests and unproven treat-
ments.16 However, such criticism should not preclude the 
 appropriate use of this diagnosis in the clinic.

The criteria for mild neurocognitive disorder are pre-
sented in Box 2. DSM-5 describes the level of cognitive 
decline in mild neurocognitive disorder to be “modest,” 
leaving it up to the diagnostician to make the final judge-
ment on the severity. As a guideline, test performance in 
mild neurocognitive disorder should fall in the range of 
1–2 SD below the normative mean, or between the third 
and 16th percentiles, on tests for which appropriate norms 
are available. The DSM-5 does not specify which tests, or 
how many, should be administered per cognitive domain. 
In the absence of a formal neuropsychological assess-
ment, the clinician may rely on ‘bedside’ assessments, 
but the objective demonstration of cognitive deficits is 
essential. In fact, because mild neurocognitive disorder 
needs to be distinguished from both normal cognitive 
ageing and major neurocognitive disorder (or dementia), 
even greater reliance on neuropsychological assessment 
is called for in mild than in major neurocognitive dis-
order. Serial assessments might be necessary to document 
decline, but the results must be interpreted cautiously in 
view of practice effects, variable test–retest reliability, and 
the dearth of normative data on cognitive decline.21

The DSM-5 criteria for mild neurocognitive dis-
order must be considered in the context of the other 
commonly used criteria for MCI: the Mayo Criteria,16 
the International Working Group (IWG) or the Key 
Symposium Criteria18,19 and the National Institute of 
Aging–Alzheimer’s Association (NIA–AA) Criteria.20 
The Mayo Criteria correspond best to what is referred 
to as amnestic MCI in the IWG Criteria, with the main 
objective of the diagnosis being the identification of AD at 
the predementia stage.12 NIA–AA criteria were explicitly 
developed to enable researchers to diagnose MCI due to 
AD, but include a generic definition of MCI. The DSM-5 
criteria for mild neurocognitive disorder are conceptually 
similar to both the NIA–AA and IWG criteria, requir-
ing decline in one or more cognitive domains, with or 
without memory impairment.

The cognitive deficits in mild neurocognitive disorder 
do not interfere with the capacity for independence in 
everyday activities. Rather, the individual usually func-
tions at a suboptimal level, with everyday tasks becoming 
more effortful owing to the engagement of compensatory 
strategies to maintain independence. The criterion of 
independent functioning represents the key distinction 
between the mild and major neurocognitive disorders, 
and relies on an insightful report by the individual and/
or a family member, and a level of good judgement from 
the clinician.

Major neurocognitive disorder
The introduction of major neurocognitive disorder as an 
alternative term to dementia in DSM-5 was prompted by 
a number of reasons. Although we accept the long history 
of dementia in clinical medicine, as well as its familiarity 

Box 2 | Diagnostic criteria for mild neurocognitive disorder

A. Evidence of modest cognitive decline from a previous level of performance in 
one or more cognitive domains (complex attention, executive function, learning 
and memory, language, perceptual–motor, or social cognition) based on:
1. Concern of the individual, a knowledgeable informant, or the clinician that 

there has been a mild decline in cognitive function; and
2. A modest impairment in cognitive performance, preferably documented 

by standardized neuropsychological testing or, in its absence, another 
quantified clinical assessment.

B. The cognitive deficits do not interfere with capacity for independence in 
everyday activities (that is, complex instrumental activities of daily living such 
as paying bills or managing medications are preserved, but greater effort, 
compensatory strategies, or accommodation may be required).

C. The cognitive deficits do not occur exclusively in the context of a delirium.
D. The cognitive deficits are not better explained by another mental disorder 

(for example, major depressive disorder or schizophrenia).
Reprinted with permission from the Diagnostic and Statistical Manual of Mental Disorders, 
Fifth Edition, (Copyright © 2013). American Psychiatric Association. All Rights Reserved.

Box 1 | Diagnostic criteria for delirium

A. A disturbance in attention (that is, reduced ability to direct, focus, sustain, and 
shift attention) and awareness (reduced orientation to the environment).

B. The disturbance develops over a short period of time (usually hours to a few 
days), represents a change from baseline attention and awareness, and tends 
to fluctuate in severity during the course of a day.

C. An additional disturbance in cognition (for example, memory deficit, 
disorientation, language, visuospatial ability, or perception).

D. The disturbances in Criteria A and C are not better explained by another pre-
existing, established, or evolving neurocognitive disorder and do not occur in 
the context of a severely reduced level of arousal, such as coma.

E. There is evidence from the history, physical examination, or laboratory findings 
that the disturbance is a direct physiological consequence of another medical 
condition, substance intoxication or withdrawal (that is, due to a drug of abuse 
or to a medication), or exposure to a toxin, or is due to multiple aetiologies.
Specify whether:
 ■ Substance intoxication delirium
 ■ Substance withdrawal delirium
 ■ Medication-induced delirium
 ■ Delirium due to another medical condition
 ■ Delirium due to multiple aetiologies:

 ■ Specify if: acute (lasting a few hours or days); persistent (lasting weeks 
or months)

 ■ Specify if: hyperactive, hypoactive, mixed level of activity
Reprinted with permission from the Diagnostic and Statistical Manual of Mental Disorders, 
Fifth Edition, (Copyright © 2013). American Psychiatric Association. All Rights Reserved.
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PZ (fictitious initials) was an eminent scientist and university professor who had written his autobiography shortly before his disease 
(Korsakoff’s syndrome) became manifest, so it was possible to test his autobiographical memory in detail. Chronic alcohol intake 
and poor nutrition are risk factors for Korsakoff’s syndrome which is associated with mamillary body and thalamic damage.
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The brain weighed 1320 g. The leptomeninges did not show any changes to the
naked eye. The basal cerebral vessels showed slight atheroma. The sulci of the
cerebral cortex were widened. The mammillary bodies were markedly shrunken to
about half the normal size (fig. 4). No other abnormalities were noted with naked eye
examination.

FIG. 4, E A. The mammillary bodies are markedly shrunken.

On histological examination, proliferation of astrocytes with the formation of a
dense feltwork of glial fibres was apparent in the medial nuclei of the mammillary
bodies in both hemispheres (figs. 5-7). In the left mammillary body cell loss was
severe in the dorsal portion of the medial nucleus, having the shape of a wedge with
the apex pointing downwards into the ventral portion of the nucleus. In the right
mammillary body the cell and fibre loss was somewhat more diffuse and extensive
throughout the medial nucleus. The myelin around the mammillary bodies in the
bundle of Vicq d'Azyr was preserved.

Throughout the thalamus of both hemispheres there was some increase in the
number of astrocytes. However, this increase was particularly intense in a band lying
between the medial dorsal nucleus and groups of nerve cells in the subependymal

764 W. G. P. MAIR AND OTHERS

There was also some increase in the number of astrocytes in several regions of
both hemispheres of the brain. These loci included the parietal and frontal cortex
(where there were also very occasional senile plaques and neurofibrillary tangles),
the hippocampal and fusiform gyri of the temporal lobe, the hippocampus, caudate
nucleus, putamen and globus pallidus, the amygdaloid complex, the subthalamus
nucleus, red nuclei, substantia nigra, the vicinity of the aqueduct of Sylvius and the
floor of the fourth ventricle and also in the nuclei of the fourth, sixth and seventh
cranial nerve nuclei. But in none of these loci was there any evident loss of nerve cells.

In the dorsomedial part of the right cerebellar hemisphere there was a zone of
softening showing loss of nerve cells and infiltration by macrophages, and the vessels
in the damaged tissue were numerous and congested. Loss of Purkinje cells and
proliferation of astrocytes were noted in the folia adjacent to the zone of softening.
The left cerebellar hemisphere did not present any lesion. The nerve cells of the
dentate nucleus of either side were well preserved but there was a slight increase in
the number of astrocytes present.

Further histological examination of the brain was unremarkable. In particular,
the fimbria, fornices and corpus callosum were well myelinated, as was the white
matter throughout the cerebral hemispheres including the white matter of the
temporal lobes and temporal stem. Some macrophages filled with pigment occurred
in the white matter near the convexity of the occipital lobe. The optic radiations were
well preserved.

H.J.
At post-mortem examination, the body was of a well-developed man who looked

his stated years. An old operation scar was present in the abdominal wall. Part of the
stomach had been removed and the stomach was anastomosed to the small intestine.

FIG. 12. H.J. The mammillary bodies are shrunken and brown in colour.

Haemorrhage then atrophy of 
mamillary bodies

Korsakoff’s syndrome
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After orbitofrontal / ventromedial prefrontal cortex damage and in Korsakoff’s syndrome

Often a plausible, but imaginary, recollection of an event or sometimes a grand account of personal life
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cranial nerve nuclei. But in none of these loci was there any evident loss of nerve cells.

In the dorsomedial part of the right cerebellar hemisphere there was a zone of
softening showing loss of nerve cells and infiltration by macrophages, and the vessels
in the damaged tissue were numerous and congested. Loss of Purkinje cells and
proliferation of astrocytes were noted in the folia adjacent to the zone of softening.
The left cerebellar hemisphere did not present any lesion. The nerve cells of the
dentate nucleus of either side were well preserved but there was a slight increase in
the number of astrocytes present.

Further histological examination of the brain was unremarkable. In particular,
the fimbria, fornices and corpus callosum were well myelinated, as was the white
matter throughout the cerebral hemispheres including the white matter of the
temporal lobes and temporal stem. Some macrophages filled with pigment occurred
in the white matter near the convexity of the occipital lobe. The optic radiations were
well preserved.
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distinguish between memories pertaining to the present
(the ongoing run) and memories pertaining to the past
(the previous run). This observation is compatible with
the idea that spontaneous confabulators have a failure 
of personal temporality31. Notably, the task had no 
predictive value for provoked confabulations21.

Subsequent studies corroborated the biological
validity of the task. First, performance in the task was
also highly predictive of disorientation, which is always
present in the early stage of spontaneous confabula-
tion21,30,31. Orientation (tested with 20 questions63) in a
group of amnesic patients was only moderately correlated
with performance on the first run.That is, the amount of
information that subjects can store is a weak predictor 
of their ability to maintain orientation. By contrast,
poor performance on the second run correlated 
highly with orientation in time, place and
circumstances30. So, orientation depends primarily on
the ability to sort presently pertinent information 
from memory; it therefore seems to share a common
mechanism with spontaneous confabulation.

A second observation that underscores the validity
of the task was that it precisely paralleled the clinical
course of spontaneous confabulation26. Of eight
patients that were followed over five years, only those
who regained the ability to refer thought to ongoing
reality (and therefore ceased to confabulate) showed a
normalization of performance on the second run.
Persistent spontaneous confabulation was associated
with continued failure of the task. No other measure 
of explicit memory or executive capacities had 
comparable reliability26.

Mechanism of ‘now’ confusion in memory. Why do
spontaneous confabulators confuse presently relevant
and irrelevant memories? One possible explanation is
that the patients fail to represent new, incoming infor-
mation with normal saliency in memory, such that old,
firmly established memories dominate thinking21,29. A
difficulty with this interpretation is that it does not
explain why patients with extremely severe amnesia 
and no measurable storage capacity do not normally
confabulate64–66, and why patients occasionally also 
confabulate about long-past events23,32,49.An alternative
explanation is that spontaneous confabulators cannot
maintain a normal contrast between representations of
ongoing reality and memories that refer to the past
because they fail to suppress activated but presently
irrelevant memory traces.

To test these possibilities, we used an adapted version
of the continuous recognition task (FIG. 1) with 4 
consecutive runs separated from each other by 1, 5 and
30 minutes, respectively23. The idea was that a failure 
to strongly represent incoming information would be
mirrored in defective detection of item recurrences
within a run, and should result in spontaneous confabu-
lators producing fewer hits. However, if temporal 
confusion resulted from an inability to suppress presently
irrelevant memories, spontaneous confabulators should
produce increasing numbers of false-positive responses
from run to run relative to non-confabulating amnesics.

The decisive part of the experiment lies in the repeti-
tion of the task. Subjects are shown the same picture
series, arranged in a different order. They are asked to
forget that they have already seen all of the pictures and
to indicate picture recurrences only within this second
run.As all pictures have been presented previously, the
task cannot be undertaken on the basis of familiarity
judgements alone. Instead, task performance now
depends on the ability to sense whether the memory
evoked by the presentation of an item refers to the 
ongoing reality of the current run or to the past reality
of the previous run.An inability to make this distinction
was expected to lead to poorer performance (decreased
number of hits or increased number of false positives).

The results confirmed the hypothesis. Whereas
healthy controls and non-confabulating amnesics 
maintained their performance at the level of the first
run, the performance of all spontaneous confabulators
was markedly poorer in the second run, which 
was undertaken one hour after the first run.
Without exception, spontaneous confabulators showed
a greater increase in false-positive responses than any
non-confabulating amnesic or healthy subject21.
So, spontaneous confabulators specifically failed to 
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Figure 1 | The experimental task. In the first run, subjects see a long series of pictures, among
which several are repeatedly presented. Subjects must indicate picture recurrences. This run
measures learning and recognition of new information. The second run is composed of precisely
the same picture series, arranged in different order. Subjects are asked to forget that they have
already seen all pictures and to indicate picture recurrences only within the second run. d1, d2,
first presentation of a picture in run 1 and run 2, respectively (distracters); T1, T2, picture
recurrences within run 1 and run 2, respectively (targets). “Yes” and “No” denote correct
responses. 
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distinguish between memories pertaining to the present
(the ongoing run) and memories pertaining to the past
(the previous run). This observation is compatible with
the idea that spontaneous confabulators have a failure 
of personal temporality31. Notably, the task had no 
predictive value for provoked confabulations21.

Subsequent studies corroborated the biological
validity of the task. First, performance in the task was
also highly predictive of disorientation, which is always
present in the early stage of spontaneous confabula-
tion21,30,31. Orientation (tested with 20 questions63) in a
group of amnesic patients was only moderately correlated
with performance on the first run.That is, the amount of
information that subjects can store is a weak predictor 
of their ability to maintain orientation. By contrast,
poor performance on the second run correlated 
highly with orientation in time, place and
circumstances30. So, orientation depends primarily on
the ability to sort presently pertinent information 
from memory; it therefore seems to share a common
mechanism with spontaneous confabulation.

A second observation that underscores the validity
of the task was that it precisely paralleled the clinical
course of spontaneous confabulation26. Of eight
patients that were followed over five years, only those
who regained the ability to refer thought to ongoing
reality (and therefore ceased to confabulate) showed a
normalization of performance on the second run.
Persistent spontaneous confabulation was associated
with continued failure of the task. No other measure 
of explicit memory or executive capacities had 
comparable reliability26.

Mechanism of ‘now’ confusion in memory. Why do
spontaneous confabulators confuse presently relevant
and irrelevant memories? One possible explanation is
that the patients fail to represent new, incoming infor-
mation with normal saliency in memory, such that old,
firmly established memories dominate thinking21,29. A
difficulty with this interpretation is that it does not
explain why patients with extremely severe amnesia 
and no measurable storage capacity do not normally
confabulate64–66, and why patients occasionally also 
confabulate about long-past events23,32,49.An alternative
explanation is that spontaneous confabulators cannot
maintain a normal contrast between representations of
ongoing reality and memories that refer to the past
because they fail to suppress activated but presently
irrelevant memory traces.

To test these possibilities, we used an adapted version
of the continuous recognition task (FIG. 1) with 4 
consecutive runs separated from each other by 1, 5 and
30 minutes, respectively23. The idea was that a failure 
to strongly represent incoming information would be
mirrored in defective detection of item recurrences
within a run, and should result in spontaneous confabu-
lators producing fewer hits. However, if temporal 
confusion resulted from an inability to suppress presently
irrelevant memories, spontaneous confabulators should
produce increasing numbers of false-positive responses
from run to run relative to non-confabulating amnesics.

The decisive part of the experiment lies in the repeti-
tion of the task. Subjects are shown the same picture
series, arranged in a different order. They are asked to
forget that they have already seen all of the pictures and
to indicate picture recurrences only within this second
run.As all pictures have been presented previously, the
task cannot be undertaken on the basis of familiarity
judgements alone. Instead, task performance now
depends on the ability to sense whether the memory
evoked by the presentation of an item refers to the 
ongoing reality of the current run or to the past reality
of the previous run.An inability to make this distinction
was expected to lead to poorer performance (decreased
number of hits or increased number of false positives).

The results confirmed the hypothesis. Whereas
healthy controls and non-confabulating amnesics 
maintained their performance at the level of the first
run, the performance of all spontaneous confabulators
was markedly poorer in the second run, which 
was undertaken one hour after the first run.
Without exception, spontaneous confabulators showed
a greater increase in false-positive responses than any
non-confabulating amnesic or healthy subject21.
So, spontaneous confabulators specifically failed to 
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lateral ventricles — therefore interrupting projections
from the DMT to the whole prefrontal cortex — still
produced spontaneous confabulations after more than
five years26. Six of eight patients remained amnesic, but
five of these lead independent lives.Vocational outcome
was generally poor. Two of three patients with isolated
anterior OFC damage had apparently complete neu-
ropsychological recovery, although subtle personality
changes with social failures persisted in one of them26.

Monitoring ongoing reality in thought
Spontaneous confabulation is characterized by unduly
dominant intrusion of memory traces that do not 
pertain to ongoing reality into current thought and
behaviour. This observation alone shows that activation
of memory bears the risk of eliciting presently irrelevant
mental associations. This conclusion is compatible with
current neurobiological models which posit that percep-
tual or internal cues could activate even distant mental
associations80,81,83, some of which would be inadequate
guides for current behaviour. Reconstructive processes
have been proposed to control the retrieval of mem-
ory12,80. Our studies indicate that one such mechanism,
which is specifically concerned with the adaptation of
thought and behaviour to ongoing reality, is mediated 
by the anterior limbic system (particularly the posterior
OFC) and acts by suppressing activated memory 
traces that do not pertain to ongoing reality (FIG. 4).

but their false ideas about current reality should not
constantly be corrected. It is easier for a mother to
accept that her baby has already received food than 
to convince her that her baby is over 30 years old. The
tax accountant accepts more readily that his meetings
have been postponed than the fact that he is at the 
hospital because of brain damage. A memory booklet
with information about the circumstances of the 
hospitalization and feedback to the patients about their
own actions might be helpful28, but many patients fail to
use it in a prospective way.

Most patients with spontaneous confabulation even-
tually stop confabulating. In a follow-up study of eight
spontaneous confabulators, all but one stopped confabu-
lating and regained correct orientation in time and place,
as well as the ability to refer thinking and acting to on-
going reality26. The cessation of spontaneous confabula-
tion was strictly associated with recovery of the ability to 
suppress presently irrelevant memories, but not with
other executive or memory capacities.

The duration of spontaneous confabulation
depended on the lesion site; it lasted only a few weeks
after isolated damage of the anterior OFC, but up to 
12 months after combined posterior OFC and basal
forebrain damage26. Persistent confabulation has also
been described after basal forebrain damage82. In our
series, only one patient with extremely extensive OFC
damage that reached up to the anterior horn of the 

a  Lesions b Lesion overlap c  Brain activation (functional imaging)

Learning, recognition

Memory selectionSpontaneous confabulation

Classic amnesia
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Figure 3 | Anatomy of spontaneous confabulation and reality monitoring. a | Typical lesions that lead to the production of
spontaneous confabulations. Top, lesion of the basal forebrain and posterior orbitofrontal cortex (OFC) after rupture of an aneurysm
of the anterior communicating artery in a 58-year-old woman (discussed in the text). Bottom, traumatic brain injury that led to medial
OFC and temporal pole contusions in a 48-year-old tax accountant (described in the text). b | Lesion overlap of patients examined in
different studies21,23,30. The diagrams at left show sagittal views of the brain. Shaded areas indicate paramedian lesions; dashed lines
indicate lateral lesions. The straight, parallel lines in the lower part of the upper sagittal view indicate the composite axial slice used to
show lesions of the amygdala (A), basal forebrain (F), hippocampus (H), hypothalamus (HT) and OFC in the diagrams at right. Top,
the lesion overlap in patients with classic amnesia was primarily in the medial temporal lobe (hippocampal area) and the neocortex
(insular cortex or dorsolateral prefrontal lobe). None of these patients has a medial OFC lesion. Bottom, the lesions of spontaneous
confabulators primarily overlapped in anterior limbic areas, particularly in the posteromedial OFC and basal forebrain. Isolated
lesions involved the hypothalamus, or the amygdala and the perirhinal cortex. c | Functional imaging in healthy subjects. Top, the first
run in the task described in FIG. 1 induced medial temporal activation. Bottom, the following run, which required suppression,
induced posterior OFC activation. Modified, with permission, from REF. 73 © (2000) Society for Neuroscience. 
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lateral ventricles — therefore interrupting projections
from the DMT to the whole prefrontal cortex — still
produced spontaneous confabulations after more than
five years26. Six of eight patients remained amnesic, but
five of these lead independent lives.Vocational outcome
was generally poor. Two of three patients with isolated
anterior OFC damage had apparently complete neu-
ropsychological recovery, although subtle personality
changes with social failures persisted in one of them26.

Monitoring ongoing reality in thought
Spontaneous confabulation is characterized by unduly
dominant intrusion of memory traces that do not 
pertain to ongoing reality into current thought and
behaviour. This observation alone shows that activation
of memory bears the risk of eliciting presently irrelevant
mental associations. This conclusion is compatible with
current neurobiological models which posit that percep-
tual or internal cues could activate even distant mental
associations80,81,83, some of which would be inadequate
guides for current behaviour. Reconstructive processes
have been proposed to control the retrieval of mem-
ory12,80. Our studies indicate that one such mechanism,
which is specifically concerned with the adaptation of
thought and behaviour to ongoing reality, is mediated 
by the anterior limbic system (particularly the posterior
OFC) and acts by suppressing activated memory 
traces that do not pertain to ongoing reality (FIG. 4).

but their false ideas about current reality should not
constantly be corrected. It is easier for a mother to
accept that her baby has already received food than 
to convince her that her baby is over 30 years old. The
tax accountant accepts more readily that his meetings
have been postponed than the fact that he is at the 
hospital because of brain damage. A memory booklet
with information about the circumstances of the 
hospitalization and feedback to the patients about their
own actions might be helpful28, but many patients fail to
use it in a prospective way.

Most patients with spontaneous confabulation even-
tually stop confabulating. In a follow-up study of eight
spontaneous confabulators, all but one stopped confabu-
lating and regained correct orientation in time and place,
as well as the ability to refer thinking and acting to on-
going reality26. The cessation of spontaneous confabula-
tion was strictly associated with recovery of the ability to 
suppress presently irrelevant memories, but not with
other executive or memory capacities.

The duration of spontaneous confabulation
depended on the lesion site; it lasted only a few weeks
after isolated damage of the anterior OFC, but up to 
12 months after combined posterior OFC and basal
forebrain damage26. Persistent confabulation has also
been described after basal forebrain damage82. In our
series, only one patient with extremely extensive OFC
damage that reached up to the anterior horn of the 

a  Lesions b Lesion overlap c  Brain activation (functional imaging)

Learning, recognition

Memory selectionSpontaneous confabulation

Classic amnesia

R L

HT
F

A

H

Figure 3 | Anatomy of spontaneous confabulation and reality monitoring. a | Typical lesions that lead to the production of
spontaneous confabulations. Top, lesion of the basal forebrain and posterior orbitofrontal cortex (OFC) after rupture of an aneurysm
of the anterior communicating artery in a 58-year-old woman (discussed in the text). Bottom, traumatic brain injury that led to medial
OFC and temporal pole contusions in a 48-year-old tax accountant (described in the text). b | Lesion overlap of patients examined in
different studies21,23,30. The diagrams at left show sagittal views of the brain. Shaded areas indicate paramedian lesions; dashed lines
indicate lateral lesions. The straight, parallel lines in the lower part of the upper sagittal view indicate the composite axial slice used to
show lesions of the amygdala (A), basal forebrain (F), hippocampus (H), hypothalamus (HT) and OFC in the diagrams at right. Top,
the lesion overlap in patients with classic amnesia was primarily in the medial temporal lobe (hippocampal area) and the neocortex
(insular cortex or dorsolateral prefrontal lobe). None of these patients has a medial OFC lesion. Bottom, the lesions of spontaneous
confabulators primarily overlapped in anterior limbic areas, particularly in the posteromedial OFC and basal forebrain. Isolated
lesions involved the hypothalamus, or the amygdala and the perirhinal cortex. c | Functional imaging in healthy subjects. Top, the first
run in the task described in FIG. 1 induced medial temporal activation. Bottom, the following run, which required suppression,
induced posterior OFC activation. Modified, with permission, from REF. 73 © (2000) Society for Neuroscience. 
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KORSAKOFF’S SYNDROME 
Anterograde and retrograde
amnesia with confabulation that
commonly occurs in association
with alcoholism, results from
thiamine deficiency, and affects
primarily the mammillary
bodies in the hypothalamus.

GENU
Latin:‘knee’.A general term to
describe any structure that is
bent like the knee, such as the
angle formed by the union of the
two limbs of the internal capsule
(the genu of the internal
capsule) and the ventral curve at
the anterior end of the body of
the corpus callosum (the genu of
the corpus callosum).

spontaneous confabulations were repeatedly reported
in people with lesions of the basal forebrain and posterior
OFC17,22,27,28,31,34,44, similar to the lesions shown in FIG. 3a.
Other lesion sites that lead to confabulation have been
occasionally reported. They include the hypothalamus70

and the dorsomedial thalamic nucleus (DMT)71, the
main relay station of subcortical projections to the pre-
frontal lobe. It is possible that spontaneous confabulation
in KORSAKOFF’S SYNDROME3,32 also results from destruction of
the DMT72.

Our studies indicated that spontaneous confabulation
can result from diverse lesions, the common feature of
which is that they either involve the posterior OFC itself
or anterior limbic structures directly connected with
it26,30 (FIG. 3b, bottom). The most common lesion site was
the posterior OFC together with the basal forebrain.
Some spontaneous confabulators had isolated medial
OFC damage.Single patients had lesions of the amygdala
on one side and the perirhinal cortex on the other
side21,73, or of the anteromedial hypothalamus74, struc-
tures that are directly connected with the posteromedial
OFC.Another patient had an infarct of the right capsular
GENU, which carries the projections of the DMT to the
posterior OFC29.

This lesion extension clearly differed from the
lesions of non-confabulating amnesics, which over-
lapped on the medial temporal area but might also
involve neocortical sites such as the dorsolateral pre-
frontal cortex (FIG. 3b, top). Damage to the posterior
limbic system (medial temporal area) has long been
known to produce amnesia64–66,75–79.

The dichotomy between the anterior and posterior
limbic systems was corroborated in an imaging study
with healthy subjects (FIG. 3c): when they performed the
first run of our task, the hippocampal area was activated
(FIG. 3c, top). In the second run, which requires subjects
to distinguish between presently relevant and presently
irrelevant memories, they exhibited circumscribed 
posteromedial OFC activation73 (FIG. 3c, bottom). An
interesting observation in this study was that the 
task was considered by the subjects to be somewhat
challenging only when repeated runs were made in
immediate succession.So,whereas failure of the anterior
limbic suppression mechanism leads to intrusion of
memories that were pertinent for behaviour weeks or
even years before, intact suppression seems to synchro-
nize thought rapidly (from seconds to minutes) with
ongoing reality.

Rehabilitation and clinical course
Spontaneous confabulation is a pervasive disorder that
represents a great challenge to any rehabilitation team.
There is no controlled study on its rehabilitation. Early
clinicians proposed avoiding memory training — such
as repeated questions about orientation — with patients
and engaging them in common everyday activities,
accepting their false interpretation of reality as much as
possible3,4. Our studies support such an approach.
Knowing that any cue can activate a memory12,80,81 and
provoke a presently inappropriate action, patients
should receive information about their hospitalization,

The result supported the second hypothesis. In 
comparison with healthy controls, both spontaneous
confabulators and non-confabulating amnesics had 
difficulty detecting target items, but they did not differ
from each other (FIG. 2a). So, failure to represent incom-
ing information saliently is typical for amnesia in gen-
eral, but it does not explain spontaneous confabulation.
By contrast, only spontaneous confabulators showed a
steep increase in the number of false-positive responses
from run to run, and failed to suppress this interference
even when the interval between 2 runs was 30 minutes
(FIG. 2b). In comparison, healthy subjects and non-
confabulating amnesics gave few false-positive responses
and only in the second run, which was performed one
minute after the first run.So, spontaneous confabulation
seems to result from failure to suppress (inactivate)
evoked memories that do not pertain to ongoing reality.
This failure then leads to continued, inappropriate
saliency (activity) of presently irrelevant memories23.

Anatomy of spontaneous confabulation
Confabulations were first described in alcoholic people2,4,
but were soon recognized in patients with chronic 
infections1,8, traumatic brain injuries8,9, subarachnoid
haemorrhages10, brain tumours5 and other diseases.
Their anatomical basis remained a mystery; until the
1950s, they were thought to emanate from ‘diffuse brain
damage’37,67,68.

Provoked confabulations have no specific anatomical
basis, but they are more frequent after brain damage21,69.
Provoked confabulations can also be induced in healthy
subjects20. By contrast, spontaneous confabulation does
have a distinct anatomical basis. Productive, presumably
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Figure 2 | Suppression failure in spontaneous
confabulation. a | Number of correct recognitions of repeated
items in four runs of the task described in FIG. 1. Runs 2, 3 and
4 were separated by 1, 5 and 30 minutes, respectively.
Spontaneous confabulators (SC) and non-confabulating
amnesics were similarly impaired in comparison with healthy
subjects. b | False positives increase from run to run in
spontaneous confabulators, whereas non-confabulating
amnesics perform like healthy controls. So, an inability to
suppress the interference of presently irrelevant memories
distinguishes spontaneous confabulators from both non-
confabulating amnesics and normal subjects. Modified, with
permission, from Nature Neuroscience REF. 23 © (1999)
Macmillan Magazines Ltd.
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Other theories of confabulation
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Propose a disorder of source monitoring or a deficit in strategic retrieval of memories

Source monitoring account (not dissimilar to temporality accounts)
§ Inability to distinguish the source of different memories

e.g. “I went on a flight to New York by Concorde last week and then embarked on a cruise 
to the Caribbean, before dining with the King of Lesotho”. 

• The patient might have memories of seeing such events on television sometime in the past, 
even though he never did these himself.

Strategic retrieval hypothesis
§ Monitoring the quality of retrieved information fails in confabulators

See Gilboa et al (2006) Brain
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Fractionation of Long term memory
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Into episodic and semantic memory



Semantic dementia
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Atrophy of left temporal pole

Post-mortem



Semantic dementia
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Semantic hub in left temporal pole?

Post-mortem
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(FIG.1b). The principal reason for this claim is that a 
central function of semantic memory is to generalize 
across concepts that have similar semantic signifi-
cance but not necessarily similar specific attributes. 
Scallops and prawns have different shapes, colours, 
shell structures, forms of movement, tastes, names, 
verbal descriptions and so on, but semantically speak-
ing, to seafood-eating humans they enter into similar 
scenarios and have substantial conceptual overlap. 
If semantic memory consisted only of the modality- 
specific content of objects (and the links between 
them), it is doubtful that we could ever achieve the 
higher-order generalizations on which so much of our 
semantic processing relies.

The distributed-plus-hub view is by no means the 
first to argue for unified conceptual representations 
that abstract away from modality-specific attributes7,8. 
Most earlier proposals of this nature, however, were 
mute regarding the neuroanatomical basis for this 
central aspect of semantic processing. With a more 
specifically neuroanatomical focus, Damasio and  
colleagues9–13 proposed the existence of ‘convergence 
zones’ that associate different aspects of knowledge, 
and along with other researchers14, they have clearly 
articulated the importance of such zones for semantic 
processing. The convergence-zone hypothesis, however, 
differs in at least two respects from the distributed-plus-
hub view illustrated in FIG. 1b. First, it proposes the 
existence of multiple specialized convergence regions: 
for example, one that encodes associations between 
visual representations of shape and corresponding 
actions, another that encodes associations between 
shape and object name, and so on. Second, it suggests 
that these zones become differentially important for 
representing different semantic categories. For example, 
because humans frequently interact with tools and other 
man-made objects, the zone that links object shape 
and action might be more important for knowledge of 
man-made artefacts than for knowledge of living things. 
Similarly, because animals move in characteristic ways, 
the zone that links shape to movement might acquire 
special salience for knowledge of animals. These two 
aspects of the convergence-zone hypothesis make it a 
variant of the distributed-only class of theories that is 
represented in FIG. 1a. By contrast, the distributed-plus-
hub view proposes that, in addition to direct neuro-
anatomical pathways between different sensory, motor 
and linguistic regions, the neural network for semantic 
memory requires a single convergence zone or hub that 
supports the interactive activation of representations in 
all modalities, for all semantic categories.

Do the distributed-only and distributed-plus-hub 
positions result in different predictions? From the dis-
tributed-plus-hub perspective, damage to the hub should 
produce a semantic impairment that is independent of the 
modality of input (objects, pictures, words, sounds, tastes, 
and so on) and of the modality of output (for example, 
naming an object, drawing it or using it correctly). By 
contrast, from the distributed-only perspective, no form 
of focal brain damage would be expected to engender 
such a generalized impairment. We therefore start with 
two important empirical questions. Do selective but gen-
eralized impairments of semantic memory occur? And, 
if so, are they caused by relatively focal brain damage? 
The evidence pertinent to these questions comes from 
studies that have both investigated the performance of 
semantically impaired patients and attempted to deter-
mine the specific locus of their brain lesions. Following 
an overview of this evidence, we ask to what extent the 
resulting conclusions are consistent with, or challenged 
by, evidence from functional neuroimaging studies of 
healthy adults performing semantic tasks. Finally, we 
consider evidence from computational modelling that 
might help to explain why the cortical semantic network 
is apparently organized in a particular way.

Figure 1 | Two theoretical positions regarding the neuroanatomical distribution 
of the cortical semantic network and schematic models based on these views. 
Both positions hold, in agreement with most investigators, that the network is widely 
distributed and partly organized to conform to the neuroanatomy of sensory, motor and 
linguistic systems. a | The distributed-only view suggests that these widely distributed 
regions, along with the diverse connections between them (shown as green lines), 
constitute the whole semantic network. The flow of activation through this network can 
be ‘gated’ by a representation of the current task (right-hand panel): for instance, if the 
task is to name a line drawing of a familiar object, activation will flow from a 
representation of object’s shape to a representation of its name. Associations between 
different pairs of attributes are encoded along different neuroanatomical pathways.  
b | By contrast, the distributed-plus-hub view posits that, in addition to these modality-
specific regions and connections, the various different surface representations (such as 
shape) connect to (shown as red lines), and communicate through, a shared, amodal ‘hub’ 
(shown as a red area) in the anterior temporal lobes. At the hub stage, therefore, 
associations between different pairs of attributes (such as shape and name, shape and 
action, or shape and colour) are all processed by a common set of neurons and synapses, 
regardless of the task. The right-hand panel (labelled ‘convergent architecture’) 
illustrates the model equivalent of the distributed-plus-hub view.
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Priming



In 1911, studied an amnesic woman who never could 
recall seeing him before but was reluctant to shake his 
hand after he pricked her finger with a pin.

Priming in amnesia
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The pin of Dr Édouard Claparède
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Incomplete pictures and words
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At what level of fragmentation can you recognize the item? We improve (learn) from previous exposure



Weiskrantz & Warrington (1970) Neuropsychologia

© 1968 Nature Publishing Group
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284 L. WHSKRANTZ and ELIZABETH K. WARRINGTON 

RESULTS 

Four measures were recorded for each subject: (1) a perceptual score, (2) trials to 
learn, (3) trials to relearn, (4) a “savings” score. The perceptual score, the number of errors 
recorded on the first learning trial, is a measure of the subject’s efficiency in recognition of 
fragmented words. The savings measure was derived from the number of errors on the first 
learning trial and the number of errors on the first relearning trial (the formula : Learning - 
Retention/Learning + Retention was used). These four measures for each subject for each 
retention interval are given in Table 2. As the numbers in each group are small, and the 
variance is considerable, a combined score (summing across the retention intervals) for 
each of the four measures was calculated (see Table 2). The mean error scores for the control 
group and amnesic group for each trial of each condition is shown graphically in Fig. 2. 
Only the first ten trials are shown, although, as has been stated, all subjects have been tested 
to criterion under all conditions. 
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interval. 
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Performance improves even though 
amnesics don’t recall training

Amnesics can also learn and retain

50

They get better with repetition and even after 3 days delay – though they don’t recall training



Reading
Core text is available online on SOLO

§ For overviews: Chapter 13 and parts of 
Chapter 4 cover memory disorders and 
temporal lobe function

§ See also separate reading list
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