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Figure	6	(Altman & Kamide, 1999)	

 
 

Participants were given the following instructions: 

“During this study you will be asked to click on one of four pictures.”  
“On each trial, you will simply hear a sentence describing one of the pictures.” 
“When you hear the picture name, just click on it as quickly as you can.” 

 

Each trial began with a central fixation. Then the four object stimuli were displayed, one 

in each corner of the screen. After 1 second, the trial sentence was presented, ending with 

the name of the target. A centered cursor appears and participants responded by moving 

the mouse and clicking on one of the pictures. All trial events were recorded and time-

stamped. On non-restrictive trials, the verb could apply equally to any of the displayed 

objects. For example, “The boy will look at the book,” with doll/window/horse as 

possible competitors for the target book. On critical trials, the selectional restrictions 

imposed by the verb narrows possible correct answers to only one of the objects. For 

example, “The man will smoke the pipe,” with baby/guitar/towel as possible competitors 

of the target, pipe.  

!"#$ %& $'%( ($)*+, -'.+ !"#$%/%!"$.* .%$'.# 01# /1)#(. /#.*%$ 1# 01# 23,44, 566 7.#.
&"$%8. (!."9.#( 10 :&;6%(' "&* .%$'.# '"* )&/1##./$.* 8%(%1& 1# 71#. (10$ /1&$"/$
6.&(.( 1# (!./$"/6.(,

!"!" #$%&'(%

<%=$..& (.$( 10 ($%>)6% 7.#. *.8%(.* ."/' /1&(%($%&; 10 " (%&;6. (.>%?#."6%($%/
8%()"6 (/.&. "&* $71 "//1>!"&+%&; (.&$.&/.( @(.. 5!!.&*%= 5 "&* A%;, BC, -'.
8%()"6 (/.&.( 7.#. /#."$.* )(%&; /1>>.#/%"66+ "8"%6"D6. E6%!5#$ !"/9";.(, -'.
(/.&.( 7.#. /1&($#)/$.* )(%&; " BF?/161)# !"6.$$.G "&* 7.#. !#.(.&$.* 1& " BH!!

8%.7%&; >1&%$1# "$ " #.(16)$%1& 10 FI4! IJ4 !%=.6(, -1 *.(/#%D. 1&. (/.&. %& *.$"%6K
%$ ('17.* " +1)&; D1+ (%$$%&; 1& " L11# "#1)&* 7'%/' 7.#. 8"#%1)( %$.>(, -'.(.
7.#. " $1+ $#"%& (.$G " $1+ /"#G " D"6611&G "&* " D%#$'*"+ /"9., A1# $'%( (/.&.G $71
(.&$.&/.( 7.#. #./1#*.*K M$)* +,- .%(( &,/* $)* 012*N "&* M$)* +,- .%(( *1$ $)* 012*N,
A1# ."/' 8%()"6 (/.&.G 1&. 10 $'. /1##.(!1&*%&; (.&$.&/.( /1&$"%&.* " 8.#D 7'1(.
(.6./$%1&"6 #.($#%/$%1&( *%/$"$.* $'"$ 1&6+ " (%&;6. 1DO./$ %& $'. 8%()"6 (/.&. /1)6* D.
#.0.##.* $1 !1($?8.#D"66+G "&* $'. 1$'.# (.&$.&/. /1&$"%&.* " 8.#D 7'%/' !.#>%$$.* "$
6."($ 01)# 10 $'. 8%()"6 1DO./$(G %&/6)*%&; $'. $"#;.$ 1DO./$G $1 D. #.0.##.* $1 !1($?
8.#D"66+, P& ."/' /"(.G $'.#. 7"( 1&. $"#;.$ 1DO./$ %& $'. 8%()"6 (/.&. @$'. /"9.G %&
$'%( .=">!6.CG "&* .%$'.# $'#.. *%($#"/$1# 1DO./$( @01# '"60 $'. (/.&.(C 1# 01)# @01# $'.
1$'.# '"60C, Q.%$'.# $'. $"#;.$ 1DO./$ &1# $'. #.0.#.&$ 10 $'. (.&$.&$%"6 ()DO./$ @$'.
D1+G %& $'%( .=">!6.C 7.#. /1)&$.* "( *%($#"/$1#(, P& $'. /"(. 10 $'. (/.&.( /1&$"%&?
%&; 01)# *%($#"/$1#(G 1&. 10 $'.(. /1)6* 1&6+ %>!6")(%D6+ D. #.0.##.* $1 !1($?8.#D"66+G

3"4"5" 6($&1778 9" :1&%;* < =,>7%$%,7 ?@ ABCCCD !E?F!GE3R4

A%;, B, :=">!6. (/.&. )(.* %& :=!.#%>.&$( B "&* 3 @<./$%1&( 3 "&* SC, T"#$%/%!"&$( '."#* M4)* +,- .%((
&,/* $)* 012*H 1# M4)* +,- .%(( *1$ $)* 012*N 7'%6($ 8%.7%&; $'%( (/.&.,



	 	 	 67	

Stimulus	selection	

	 Each	of	a	set	of	31	nouns	(e.g.,	book)	was	paired	with	multiple	restrictive	and	non-

restrictive	verbs	(e.g.,	read,	look	at).	The	nouns	were	arranged	in	different	combinations	

into	3-4	distinct	object	sets	per	noun.	For	each	noun	in	each	object	set,	the	verbs	were	

normed	to	identify	verbs	that	were	predictive	or	non-predictive	of	the	noun.	

	

Norming	Studies	

	 Norming	studies	were	used	to	identify	sets	of	pictures	for	which	the	related	verb	

(e.g.,	read)	picked	out	only	one	of	the	four	possible	pictures	on	the	screen,	and	unrelated	

verbs	(e.g.,	look	at)	did	not	specifically	identify	one	of	the	four	pictures.	Norming	was	done	

through	the	Amazon	Mechanical	Turk	interface.	In	the	first	norming	study,	54	Native	

English	Speaking	participants	completed	an	on-line	survey	in	which	they	saw	four	pictures	

with	labels	and	were	asked	to	pick	the	best	continuation	of	a	sentence	fragment	that	

contained	the	to-be-normed	verb,	as	in	the	example	below:	

	

Figure	7:	Norming	procedure	for	Experiment	7	Stimuli	
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A	set	of	items	was	selected	which,	given	a	noun	in	its	set	of	four	objects,	for	a	

restrictive	verb	(read-book)	the	target	(book)	was	selected	at	least	95%	of	the	time	by	

participants,	and	in	the	non-restrictive	condition,	none	of	the	four	options	was	selected	

more	than	60%	of	the	time.	For	20	of	the	noun-verb	pairs,	a	second	norming	study	was	

conducted	to	find	replacement	stimuli	sets	as	the	normed	verb-noun	pairs	did	not	meet	

these	criteria.	For	the	final	stimulus	set,	subjects	in	the	norming	study	selected	the	target	

26%	of	the	time	in	the	non-restrictive	condition,	and	picked	each	of	the	non-targets	an	

average	of	24%	of	the	time.	In	the	restrictive	condition,	subjects	picked	the	target	97%	of	

the	time	on	average,	and	each	of	the	non-targets	.08%	of	the	time	on	average.		

	

Critical	Stimuli	

	 The	critical	stimuli	were	31	target	nouns,	each	of	which	was	paired	with	one	of	two	

verbs	(restrictive	and	non-restrictive).	The	noun	and	verb	pairings	were	unique	such	that	

each	verb	went	with	only	one	noun	(and	each	noun	went	with	only	two	verbs).	The	nouns	

were	presented	in	different	combinations	in	29	stimulus	sets	where	each	set	was	

composed	of	four	of	the	nouns.	In	each	of	the	sets,	the	four	objects	were	the	target	twice	

each	(once	with	the	restrictive	verb	and	once	with	the	non-restrictive	verb),	creating	a	total	

of	232	trials,	50%	of	which	were	designed	to	be	restrictive.	However,	of	the	total	232	trials,	

55	were	not	used	in	the	analyses	because	the	target	or	unrelated	items	did	not	meet	the	

above	criteria	(e.g.,	the	norming	study	indicated	that	for	a	given	set	of	objects,	the	

restrictive	verb	did	not	pick	out	the	noun	more	than	95%	of	the	time).	Thus,	of	the	232	
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trials,	a	total	of	177	were	included	in	the	final	analysis	(75	non-restrictive	trials	and	102	

restrictive	trials).	

		

 

Each participant completed 928 total trials, grouped into 4 blocks of 232 trials each. 

Breaks were taken between blocks and the eye-tracker was recalibrated prior to each new 

testing block. 

 

Data Analysis 

The primary measure is the proportion of fixations to each picture type, (restrictive 

targets, non-restrictive targets, restrictive competitors, non-restrictive competitors) over 

time.  Linear mixed-effects models were used to analyze the data. 

 

Predictions 

It is hypothesized that the hippocampus supports the online processing of semantic 

information. In the healthy brain, the semantic representations of the verb and the four 

objects must be retrieved and compared to each other to see which of the objects fulfills 

the selectional requirements imposed by the verb. It is hypothesized that with 

hippocampal damage, the process of holding these representations on-line and relating 

them to each other will be disrupted. 

 

Specifically, it is predicted: 
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1) There will be no differences in behavior. The amnesic group and NCs will 

correctly click on the named target object. 

2) On critical trials, after the onset of the verb, but before the onset of the target 

word, the comparison groups will fixate on the target significantly more often 

than on the competitors and this will happen much faster on critical trials than on 

non-restrictive trials, replicating Altman and Kamide’s study and preliminary 

findings with college-aged participants. 

3) These effects will be attenuated in the amnesic group. The amnesics will correctly 

click on the named object. They may fixate on the target more than the 

competitors, but this effect will be significantly smaller than in the NC group. 

 

If the amnesic group performs normally on this task, this could be taken as evidence for 

the standard view of semantic memory. If performance looks different from NCs, several 

possibilities could explain the difference. Amnesic patients’ failure to display normal 

patterns of eye-movements could be the result of impoverished semantic representations 

themselves, disrupted retrieval of the representations, or a failure to normally process and 

use the representations to guide on-line behavior. Future work could attempt to delineate 

between these possibilities, but any of them would challenge the prevailing view that 

semantic memory becomes independent of the hippocampus over time and that remote 

semantic memory and its use are fully normal in hippocampal amnesia. 
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Chapter	3:	Results 

	

3.1	 Aim	#1:	To	evaluate	the	critical	role	of	the	hippocampus	in	supporting	remote	
semantic	knowledge.		

	

3.1.1		 Study	#	1:	Features-listing	test	
	
The features task tests participants’ knowledge of the different features for 35 common concepts. 

The task presents participants with a word and gives them two minutes to list as many features of 

the concept to which the word refers. On the features task, a one-way ANOVA showed a 

statistically significant difference between groups (F(2,32) = 10.34, p < .001, η2
G = 0.39). Planned 

comparisons using the Holm procedure for multiple comparisons revealed that the HC group (M 

= 9.98, SD = 2.9) performed significantly worse than both BDCs (M = 20.20, SD = 1.4, p < 

0.001) and NCs (M = 22.62, SD = 6.4, p < 0.001), while there was no difference between BDC 

and NC groups (p > 0.13). While comparison groups produced more than 20 features for each 

target word on average, amnesic participants produced less than 10. Familiarity did not differ 

between groups (p > 0.05) and all groups gave a mean familiarity score of more than 8.5 / 9, 

indicating that these words were subjectively (and equally) well known. 

 

 

 

 

 

 



	 	 	 72	

Figure	8	Aim	1	Features Task	

 

Mean number of features per target word produced by amnesic participants (HC, black symbols: Patient 1846 = n. 
1951 = +. 2308 = w. 2363 = �. 2563 = *) and comparison groups (with 95% CI error bars). The dotted lines represent 
the standard deviation for the combined comparison group (BDC and NC). 
 

 

Looking closer at the data, we found no significant group differences for the number of non-

features produced per target (p > 0.25), the number of repetitions (p > 0.24), the number of 

subjective evaluations (p > 0.45), the number of personal anecdotes (p > 0.10), the number of 
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unrelated responses (p > 0.32), or the number of factually incorrect responses (p > 0.70).  Thus, 

the deficit in the HC group was limited to the total number of features they could associate with 

the target word.  

 A representative example of responses is shown in Table 10 for two participants with 

hippocampal amnesia (1951 and 2363), a BDC participant, and a healthy comparison participant 

to the target word ‘menu’. Whereas the healthy comparison participant was able to produce 24 

features for the word ‘menu’, and the BDC produced 25, the two amnesic participants were able 

to produce 8 and 6 features, respectively.  

Consistent with our assessment that these patients do not have semantic dementia or 

category specific deficits, there was proportional impairment in the features task for both living 

and non-living targets. The HC group produced an average of 10.23 features for living target 

words and 9.93 features for non-living targets a difference that was not statistically significant 

(t= 0.162, p = .88). This was true for the anoxic (t= 0.09, p = .93) and the HSE subgroup (t = 

0.14, p = .90). 
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Table	11	Example responses from features task to target word menu 	

HC 1951 HC 2363 BDC 4 NC 7 
Has the name of 
the place 

Used to describe the 
foods that’s going 
to be served by a 
particular eatery (3 
features) 

at a restaurant 
 Menu is most often in a 

place of eating (2 features) 

List of foods Allows you to select 
various dishes that 
you want to eat 

given a folded list of 
what they serve (4 
features) 

A restaurant or bar or deli (3 
features) 

Dishes 
available to buy 
 

Menu on your 
computer, gives you 
options as to what 
you want to do (2 
features) 

can look through and 
decide what to order for 
meal (3 features) And it has all the food 

Price   computers have menu 
with different topics 
you can pull them down 
and click on them to 
move yourself around 
on the computer system 
(5 features) 

The prices of the appetizers, 
entrees, sandwiches, 
desserts, drinks (6 features) 

Calories   cell phones have that 
setup where you go and 
pick calls and will tell 
you if you have missed 
ones (4 features) 

Some are at the table some 
are not (2 features) 

Can be on the 
wall 

 a selection, selecting 
this or that 

Some the hostess or waitress 
brings you (2 features) 

In a café  broken down into 
appetizers 

It’s words that you can 
choose to get what you like 
(3 features) 

In a restaurant  
entrees 

Usually its got a plastic 
cover over it so nobody spills 
on it (2 features) 

  desserts So it’s waterproof  
  listing of drinks, 

beverages 
Some hand you a day special 
menu 

  listing for salads With their specials on it 
(repetition, not a feature) 

  depends on type of 
restaurant, they break it 
down differently (2 
features) 

Usually they have a kids 
menu 

8 total features 6 total features 25 total features 24 features, 1 repetition 
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Note: Each response counted as 1 feature unless otherwise indicated. 

	

3.1.2	 Study	#	2:	Senses-listing	test		
	
 

On the senses task, NCs matched to the amnesic group performed (M = 3.64) nearly identically 

to the NCs matched to the frontal patients (M = 3.63), so these groups were combined for 

analysis purposes. Welch’s F test was used because the homogeneity of variance assumption of 

the Levene test was not met (p < 0.05). A one-way ANOVA showed a statistically significant 

difference between groups (Welch’s F(2,32) = 11.99, p < .001, η2
G = 0.43). Planned comparisons 

using the Holm procedure for multiple comparisons revealed that the HC group (M = 2.49, SD = 

0.19) produced significantly fewer senses on average than the BDC group (M = 3.30, SD = 0.21, 

p < 0.001), and the NC group (M = 3.63, SD = 0.54, p < 0.001). BDCs performed worse than 

NCs (p < 0.01). Familiarity did not differ between groups (p > 0.2) and all groups gave a mean 

familiarity score of more than 8.4 / 9, indicating that these words were subjectively (and equally) 

well known. A representative example of responses is shown in Table 11 for 2 participants with 

hippocampal amnesia and 3 comparison participants. 
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Figure	9	Aim	1	Senses Task	

	
Senses per target word produced by amnesic participants (HC, black symbols: Patient 1846 = n. 1951 = +. 2308 = 
w. 2363 = �. 2563 = *) and comparison groups (with 95% CI error bars). The dotted lines represent the standard 
deviation for the combined comparison groups (BDC and NC).	
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Table	12	Example responses from senses task for word green	

 HC 1846 HC 2308 BDC 2391 NC 14 NC 19 
Green Color Color The color Color Color 
 Green with 

envy 
What you 
shoot for 
on golf 
course 

Someone 
that is 
young and 
innocent 

Plants are 
called greens 

Part of nature -
photosynthesis 

   On a golf 
course – the 
portion 
where the 
hole is 

Park square Money 

   Vegetables 
that are this 
color 

Not wasting 
energy 

Eating your 
greens – 
lettuce and 
leafy greens 

   Dollar bills 
can be 
called green 

young In harmony 
with the planet 
– not using 
unrenewable 
resources 

    Inexperienced 
(repetition) 

Adjective for 
technology to 
be better for 
planet 
(repetition) 

     Not very 
knowledgeable
, new at 
something 

 2 senses 2 senses 5 senses 5 senses, 1 
repetition 

6 senses, 1 
repetition 

Note: Each response counted as 1 sense unless otherwise indicated 
	

	

3.1.3	 Study	#	3:	Word	Associates	Test	
 

On the Word Associates Test (Figure X), a one-way ANOVA shows a statistically significant 

difference between groups (F(2, 32) = 34.28, p < .0001, η2
G = 0.68). Planned comparisons using 

the Holm procedure for multiple comparisons reveals that the amnesic group (M = 123.6, SD = 
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7.3) performed significantly worse on the WAT than the BDCs (M = 145.4, SD = 6.5, p < .0001), 

and the NCs (M = 147.1, SD = 5.4, p < .0001), while BDCs did not differ from NCs (p > 0.56). 

This pattern held for the two sub-scales of the WAT (Synonyms: F(2,32) = 8.36, p < 0.001, η2
G = 

0.34 and Collocates: F(2,32) = 28.8, p < .0001, η2
G = 0.64), with the comparison groups 

performing indistinguishably from each other (Synonyms: p > 0.55. Collocates: p > 0.81), and 

both performing significantly better than the amnesic group for synonyms (BDCs: p < 0.05. 

NCs: p < 0.0001) and collocates (BDCs: p < .001. NCs: p < .001).  
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Figure	10	Aim	1	Word	Associates	Test	

	
Score achieved on the Word Associates Test (WAT) by amnesic participants (HC, black symbols: Patient 1846 = n. 
1951 = +. 2308 = w. 2363 = �. 2563 = *) and comparison groups (with 95% CI error bars). The dotted lines represent 
the standard deviation from the combined comparison groups (BDC and NC).  
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3.1.4	 Further	consideration	of	the	data		
 

These results show striking deficits across three tasks in the HC group on both productive 

and receptive measures. Here, we further examine these data and consider possible explanations 

for the observed deficits.  

As reported above, the familiarity ratings for words in the features and senses tasks did 

not differ between groups. To ensure that inclusion of individual unfamiliar words did not affect 

the results here, or disproportionately disadvantage the participants with amnesia, we reexamined 

the data to include only those words judged to be highly familiar by participants. Removing any 

word judged to be unfamiliar (familiarity < 5 out of 9) from that participant’s data set did not 

change the results.  We still observed significant differences between groups for both the 

Features task (F(2, 32) = 26.5, p < .001) and the Senses task (Welch’s F(2,32) = 11.4, p < .001), with 

the HC group performing significantly worse than the both comparison groups (Features: HC M 

= 10.06, BDC M = 20.41, p < 0.05. NC M = 22.57, p < 0.001; Senses: HC M = 2.51. BDC M = 

3.28, p < 0.05. NC M = 3.66, p < 0.005), but the comparison groups not differing from each other 

(Features: p > 0.44. Senses: p > 0.13). 

Although verbal fluency and generation ability, as measured by the COWA, did not differ 

between the HC and BDC participants at the group level (t = -2.14, p > 0.065), two of the 

amnesic participants (1846 and 2308) scored below population norms. Deficits in verbal fluency 

have also been reported in other patients with hippocampal pathology (Sheldon, Romero, and 

Moscovitch, 2013). However, differential generative abilities alone do not appear to explain the 

results. First and foremost, disruptions in fluency or generative abilities cannot account for the 

HC group’s significantly worse performance on the WAT, a receptive measure of vocabulary 

depth that does not require generative abilities from participants, but rather provides all the 
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information needed to complete the test in front of the participant. WAT performance correlates 

strongly with performance on the features task (r(33) = 0.61, p < 0.01)  and the senses task (r(33) 

= 0.61, p < 0.001) across participants. Next, consider data from HC and BDC patients who 

performed similarly on COWA. HC patient 1951 and BDC 3350 both scored 40 on COWA, yet 

while 3350 produced an average of 22.15 features per target word, 1951 produced only 10.8 

features, on average. Similarly, HC 2563 scored 37 on COWA while BDC 2352 scored 34. Yet 

for features (2352 = 19.74 features per target word; 2563 = 12.34) large differences are seen for 

performance despite highly similar COWA scores. Finally, if the data from the HC and BDC 

groups is reanalyzed using COWA performance as a covariate, the same pattern of results is 

observed. Specifically, for the features task, a one-way ANOVA showed a statistically 

significant difference between groups (F(1, 8) = 8.45, p < .02, η2
G = 0.51). Planned comparisons 

reveal that the HC group (adjusted M = 12.43) produced significantly fewer features than the 

BDC group (adj. M = 17.75, p < 0.0001). This was true for the senses task (F(1, 8) = 7.35, p < .05, 

η2
G = 0.48. HC adj. M = 2.69. BDC adj. M = 3.10, p < 0.01) and the WAT (F(1, 8) = 5.57, p < .05, 

η2
G = 0.41. HC adj. M = 127.85. BDC adj. M = 141.15, p < 0.01). Thus, these additional analyses 

suggest that the findings reported cannot be simply accounted for by a disruption in verbal 

fluency or generation in two of the amnesic participants.  

Is it possible that impairments in episodic memory could explain the patients’ 

impoverished semantic memory on these tasks? We do not believe that episodic memory deficits 

alone would account for the pattern of results observed here. During the features task, some 

participants responded to target words with a personal anecdote. One example of such a personal 

anecdote comes from patient 1951 who, to the target word mug, responded “I remember going to 

a root beer stand in Michigan where you could pay 25 or 50 cents for a giant mug of root beer.” 
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The number of these personal anecdotes did not differ statistically across groups (F(2, 32) = 2.37, p 

> 0.10). The HC group produced 0.15 anecdotes per target word on average, while NCs 

produced 0.13 and BDCs 0.38. This suggests that comparison participants were not leveraging 

personal (past or possibly future) episodic memory at a greater rate than amnesic patients, as 

captured by this measure and in fact the HC group produced a numerically larger amount than 

NCs. Furthermore, any episodic memory deficits are unlikely to explain the amnesic 

participants’ deficits on the WAT, a receptive measure of vocabulary depth where all correct 

answers are on the page in front of participants. While we cannot definitively rule out any 

contributions made by episodic memory to these semantic memory tasks, the large effect sizes 

seen across all three tasks suggest that even a small contribution could not explain the large and 

consistent group differences. 

The number of incorrect responses given on the features task did not differ between 

groups (HC M = 0.15, NC M = 0.22, BDC M = 0.23. F(2, 32) = 0.35, p > 0.70). Even if incorrect 

information is a part of a participant’s semantic representation, and even if enough incorrect 

information contributes to participants’ rich representations, this cannot explain any differences 

between groups.  

Finally, there is variability in the extent of MTL damage in the HC group with two 

participants who have extensive MTL damage due to HSE and three anoxic participants with 

more limited MTL damage. Comparing the performance of these two subgroups, we find the two 

groups do not differ on WAT performance (anoxic M = 121.0, SD = 5.00; HSE M = 127.5, SD = 

10.61, t= -0.81, p < 0.54) and both subgroups performed much worse than NCs (M = 147.1).  

This pattern held for features (anoxic M = 11.38, SD = 0.98; HSE M = 7.87, SD = 4.14, t= 1.18, p 

< 0.44; NC M = 22.62), and senses (anoxic M = 2.56, SD = 0.17. HSE M = 2.39, SD = 0.24, t= -
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0.81, p < 0.50; NC M = 3.63). That said, while anoxia can affect the hippocampus 

disproportionately, it may not do so selectively and the lack of anatomical measurement on 

extra-hippocampal structures is a limitation of the current study. To further explore this issue, we 

turn to patient 1846. Analyses of lobar gray- and white-matter volumes for this patient reveal 

studentized residual volumes to be within the normal range when accounting for age and sex, in 

the cerebrum overall, and in the frontal, parietal, and temporal lobes specifically (Allen et al., 

2006). Patient 1846 has significant hippocampal volume loss (Figure 1; Table 1) but other 

medial temporal lobe structures were judged to be within the normal range through additional 

volumetric analyses (Warren et al., 2012). The Crawford-Howell t-test for case-control 

comparisons shows that 1846 performed significantly worse than comparisons across the 3 tasks. 

Specifically, 1846 (M = 10.38) performed worse than both comparison groups on features (NC M 

= 22.25, t = -1.79, p < 0.05. BDC M = 20.20, t = -6.65, p < 0.01), senses (1846 M = 2.366, NC M 

= 3.61, t = -2.11, p < 0.05. BDC M = 3.29, t = -4.10, p < 0.01), and WAT performance (1846 = 

116, NC M = 146.8, t = -5.68, p < 0.001. BDC M = 145.4, t = -4.10, p < 0.01). The Crawford-

Howell t-test reveals no difference between this participant’s performance and those of the two 

HSE patients with known extra-hippocampal MTL damage on features (HSE M = 7.87, t = 0.49, 

p < 0.71), senses (HSE M = 2.391, t = -0.08, p < 0.95), or WAT performance (1846 = 116, HSE 

M = 127.5, t = -0.88, p < 0.54). Indeed, as can be seen in Figures 7- 9, despite having 

documented damage limited to the hippocampus bilaterally, and having much smaller lesions 

than the HSE patients, patient 1846’s scores are among the lowest 2 across all participants and 

across all 3 tasks. That the patients all perform so consistently below comparisons, and so 

similarly to each other, suggests that the differences in anatomy are not driving the results, but 
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rather that their shared hippocampal damage, together with the purported functions of the 

hippocampus, provide the most parsimonious account of the large deficits seen here.  

	

3.1.4		 Study	#	4:	Semantic	activation	of	spoken	word	recognition	 	
	

For this eye-tracking study, participants viewed 4 pictures, one in each corner of the 

screen. Participants heard a target word that named one of the four pictures and clicked on the 

target they heard. Sometimes the critical picture of interest was a strong semantic associate of the 

heard target (hear lock, the critical image is a key) and sometimes the critical item was 

semantically unrelated (hear strawberry, critical item is a key). We analyzed the proportion of 

fixations to the critical item (e.g., key) depending on whether the participant heard a semantic 

associate (e.g., lock) or an unrelated word (e.g., strawberry). We used R (R Core Team 2014) 

and lme4 (Bates, Maechler, Bolker & Walker 2014) to perform a linear mixed effects analysis of 

the relationship between competitor fixations and semantic condition.  

As fixed effects, we entered condition (semantic associate vs. unrelated), group (amnesic, 

vmPFC, amnesic NC, frontal NC) and condition by group interaction. As random effects we 

included random intercepts for participants and target items, as well as all possible random 

slopes. Here, in cases where the model failed to converge, we used a backwards-stepping 

procedure to identify the maximal model that would converge; the results of this maximal 

converged model are reported in the text (see Barr, et al., 2013).  

 The model revealed a marginal effect of condition (b = -0.018, SE = 0.009, t = -1.93, p = 

0.060), but no interactions with group (ts < 1.4).  

 These results indicate that the proportion of participants’ fixations was significantly 

increased when the critical item was a strong semantic associate of the target word that they 

heard. Participants directed a significantly higher percentage of their fixations to key after 
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hearing lock than after hearing strawberry. This effect was consistent across groups and there 

were no interactions with condition or group indicating a semantic competitor effect on eye-

movements across all participant groups. 

 

Figure	11	Aim1	Eye-tracking study of semantic	activation	of	spoken	word	recognition	

 

Proportion	of	fixations	(y-axis)	across	time	(in	ms,	x-axis)	to	the	target,	a	semantic	compeitior,	and	two	
unrelated	stimuli	across	all	participants.	Data	shows	increased	fixations	to	the	semantic	competitor	compared	
to	semantically	unrelated	objects.	
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3.2	 Aim	#2:	To	Evaluate	the	role	of	the	hippocampus	in	updating	previously	
acquired	semantic	knowledge	
	
Aim #2 examined a healthy comparison group demographically matched to the amnmesic 

patients’ age of onset of brain damage and compared their performance to the current age-

matched comparisons from Aim #1, and to the patients. 

 

3.2.1		 Study	#	1:	Features-listing	test	 	
 

On the features task, a one-way ANOVA showed a statistically significant difference between 

groups (Welch’s F(2,32) = 7.5, p < .01, η2
G = 0.32). Planned comparisons using the Holm 

procedure for multiple comparisons revealed that the age of onset matched group (M = 19.66, SD 

= 6.66) produced significantly fewer features than the current aged healthy comparisons (M = 

22.31, SD = 6.34, p < .0001). The onset matched healthy group performed better than the 

amnesics (M = 9.98) overall (p < .0001). Familiarity did not differ between groups (p > 0.05) and 

all groups gave a mean familiarity score of more than 8.25 / 9, indicating that these words were 

subjectively (and equally) well known.	
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Figure	12	Aim	2	Features	

	
	

3.3.2	 Study	#	2:	Senses-listing	test		
	
On the senses task, a one-way ANOVA showed a statistically significant difference between 

groups (Welch’s F(2,32) = 11.5, p < .001, η2
G = 0.42). Planned comparisons using the Holm 

procedure for multiple comparisons revealed that the age of onset matched group (M = 3.23, SD 

= 0.49) produced significantly fewer senses than the current aged healthy comparisons (M = 
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3.64, SD = 0.50, p < .0001). The onset matched healthy group performed better than the 

amnesics (M = 2.49) overall (p < .0001). A one-way ANOVA shows that familiarity did differ 

significantly across groups (p < 0.01), with the age of onset group (M = 7.27) indicating the 

words were significantly less familiar than the older healthy group (M = 8.86) and the amnesics 

(M = 8.40). 
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Figure	13	Aim	2	Senses	

	
Mean number of senses produced by the hippocampal amnesic participants (HC), younger healthy comparisons 
matched to the patients’ age of onset (AoO), and older healthy comparisons matched to the patients current age 
(NC). 

3.3.3	 Study	#	3:	Word	Associates	Test	 	
 

On the Word Associates Test (Figure X), a one-way ANOVA shows a statistically significant 
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139.8, SD = 10.8) performed significantly worse on the WAT than the current aged healthy 

comparisons (M = 147.33, SD = 4.8, p < .01). This pattern held for the two sub-scales of the 

WAT (Synonyms: F(2,32) = 5.96, p < 0.01, η2
G = 0.27 and Collocates: F(2,32) = 15.4, p < .0001, η2

G 

= 0.49). The onset matched healthy group performed better than the amnesics overall (p < 

.0001), and better on the synonym sub-scale (p < .0001), but not the collocates (p > 0.18). 
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Figure	14	Aim	3	WAT 

 

Mean WAT performance by the hippocampal amnesic participants (HC), younger healthy comparisons matched to 
the patients’ age of onset (AoO), and older healthy comparisons matched to the patients current age (NC). 
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3.3.4	 Correlational	study	of	semantic	richness	and	age	 	 	 	 	 										

	

Features	
	
The	mean	number	of	features	produced	does	not	correlate	significantly	with	age	(r(41)	=	

0.14,	p	>	0.36).	

	
Figure	15	Features	produced	across	healthy	aging	

	
	
Senses	
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Figure	16	Senses	produced	across	healthy	aging	

	
WAT	
	
WAT	performance	correlates	with	age	r(42)	=	0.45,	p	<	0.001.	
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Figure	17	WAT	performance	across	healthy	aging	

	
For	both	the	senses	and	WAT	tasks,	strong	correlations	are	seen	with	task	performance	

and	age	suggesting	that	in	the	ehalthy	brain,	semantic	memory	gets	richer	and	richer	with	

more	time	and	experience.	
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3.3	 Aim	#3:	To	evaluate	the	role	of	the	hippocampus	in	the	use	of	semantic	
representations	in	discourse.	 	

	

3.3.1	 Study	#	5:	Semantic	Richness		
	
Across the three narratives, the amnesic participants produced 6.22 semantic details on average 

across the various categories. NCs produced 10.55. This difference, though trending, was not 

statistically significant (t = 1.74, p < 0.10). This pattern held for general semantic details (Amn 

M = 0.81, NC M = 0.85, t = -0.09, p < 0.93) and semantic autobiographical details (Amn M = 

1.35, NC M = 2.52, t = -1.62, p < 0.11). Amnesics didn’t produce any semantic place details, 

while NCs averaged 0.09. Neither group produced any semantic time details in the narratives 

analyzed. In all, NCs produced 95 semantic details across the language samples, while amnesics 

produced only 56. 
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Figure	18	Mean	semantic	details	produced 
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pattern	held	for	the	frightening	narratives	(amnesic	M	=	54.33,	NC	M	=	72.51,	t	=	-2.42,	p	<	

0.05).	The	historical	narrative	(p	<	0.51),	family	narrative	(p	<	0.12)	and	conversations	(p	<	

0.18)	did	not	reach	significance	individually.	If	data	from	the	two	HSE	patients	are	removed	

from	the	full	data	set,	the	same	pattern	of	results	is	observed,	indicating	that	the	group	

differences	are	due	to	the	patients’	shared	hippocampal	damage	and	not	individual	

differences	between	them	(amnesic	M	=	63.14,	p	<	0.05).	

	

Figure	19	Lexical	Diversity	level	
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3.3.3	 Study	#	7:	On-line	sentence	processing		
 

Participants interpreted pre-recorded, spoken sentences such as “She will bathe the 

baby”, or “She will recognize the baby”, as their eye movements were monitored while viewing 

four images on the computer screen.  In the restrictive verb condition, the verb (e.g., bathe) was 

predictive of the direct object (e.g., baby). In the non-restrictive verb condition, the verb did not 

pick out one of the four objects more than the others.  

We analyzed the eye fixations that participants made to the objects on the screen, time-

locked to the onset of the verb in each sentence (e.g., bathe or recognize). The time-window of 

analysis began 200ms after the onset of the verb in order to account for the time needed to 

program and launch an eye movement (Hallett, 1986). The offset of the time window was 

2200ms, and corresponded to the average asymptote across conditions in fixations to the target 

(see figures 19 - 20 with time course). In this time-window we analyzed the proportion of 

fixations to the target on each trial as a function of the verb type (restrictive verbs vs. non-

restrictive).  

The data were analyzed in the R statistical package (R Core Team 2014) and lme4 (Bates, 

Maechler, Bolker & Walker 2014), using a linear mixed effects analysis of the relationship 

between target fixations and verb type. As fixed effects, we entered verb type (restrictive vs. 

unrestrictive), group (amnesic vs. NC) and verb type by group interaction. The fixed effects were 

mean-centered. As random effects we included intercepts for target and subject, as well as all 

possible random slopes. The model revealed a significant effect of verb type (b = 0.177, SE = 

0.017, t = 10.67, p = 0.001). There was a small effect of group (b = 0.059, SE = 0.034, t = 2.21, p 
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= 0.045), and a marginal verb type by group interaction (b = -0.01, SE = 0.024, t = -0.49, p = 

0.060).  

 The results indicate that all participants directed a significantly greater proportion of their 

fixations to the target image when selectional restrictions of the verb indicated that it was the 

only appropriate referent among the four possibilities than when the verb could be applied to any 

of the four possible referents. There was a small effect of group, however this did not interact 

with verb type. This indicates that in the amnesic group, participants directed a similar 

proportion of fixations to the target when the verb was restrictive as when it was unrestrictive. 

That is, the patients showed a normal effect of semantics on their eye movement. The fact that 

they differed from NCs across both conditions with fewer fixations to the target overall, suggests 

that perhaps the patients were slower to fixate the target, and thus in the time window analyzed, 

show fewer fixations to it. 

	
Figure	20	Aim3	Eye-tracking.	NC	Fixation	proportions	across	conditions 

	

	
Proportion of fixations in the NC group across conditions. Restrictive indicates a verb whose meaning can only 
apply to one of the four pictures. Unrestrictive indicates the verb could apply to any of the four possibilities. Target 
is the noun that is ultimately heard and clicked on by participants. Comp is a picture that is not the target of the 
sentence. 
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Figure	21	Aim	3	eye-tracking.	HC Fixation proportions across conditions	

	
Proportion of fixations in the HC group across conditions. Restrictive indicates a verb whose meaning can only 
apply to one of the four pictures. Unrestrictive indicates the verb could apply to any of the four possibilities. Target 
is the noun that is ultimately heard and clicked on by participants. Comp is a picture that is not the target of the 
sentence. 
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Chapter	4:	Discussion	
 

The capacity to learn about the world around us, to deepen and enrich our knowledge over time, 

to relate bodies of knowledge to (often arbitrary) labels, and to use this knowledge in the service 

of communication with others are fundamental human abilities, abilities that set us apart from all 

other species. Cognitive neuroscience owes humanity an explanation of how the brain supports 

these abilities. It is hoped that the current work contributes to this explanation, ever so slightly.  

	

4.1	Remote	Semantic	Memory	is	Impoverished	in	Hippocampal	Amnesia	
 

Remote semantic memory has long been considered independent of the hippocampus and 

intact in hippocampal amnesia. Hippocampal amnesia does not result in the type of catastrophic 

disruptions to semantic memory that can be observed as a consequence of semantic dementia, 

and patients with hippocampal amnesia do not differ from healthy comparison participants on 

standardized neuropsychological and experimental tasks requiring them to name common objects 

or match a simple definition to its label tasks. However, when more sensitive measures of 

semantic memory are used, those examining the depth and richness of semantic knowledge, we 

observe that participants with hippocampal amnesia perform significantly worse than both 

healthy and brain-damaged comparison participants. This deficit is observed across both 

productive and receptive tasks and for common words rated as highly familiar. These findings 

suggest that the hippocampus plays a role in semantic memory beyond its initial acquisition.  

Significant deficits were observed on features and senses listing tasks and on the Word 

Associated Test in Aim 1. In Aim 3, amnesic patients showed a significant difference in the 

diversity of words deployed from their lexicon during communication. While they showed a 

strong trend toward reduced levels of semantic richness in the language they produced, this result 
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was not significant, likely due to larger variability in a larger sample of amnesic patients. It is 

argued that this study was slightly underpowered and predicted that analyzing a larger sample of 

speech will reveal true group differences. While patients performed similarly to comparisons on 

the two eye-tracking investigations, it is argued (see section 4.5) that these studies only 

interrogated participants’ surface level of knowledge, similar to standard neuropsychological 

evaluations of semantics on which they perform normally. Overall, the work described here 

shows large group differences in the depth and richness of semantic knowledge and suggests that 

the use of this knowledge may also be impaired. 

The observed deficits in word knowledge reported here suggest that remote semantic 

memory in hippocampal amnesia is impoverished. The hallmark processing features of the 

hippocampus including its capacity for relational binding (Cohen & Eichenbaum, 1993; 

Eichenbaum & Cohen, 2001), reconsolidation (McKenzie & Eichenbaum, 2011; Lee, 2008) and 

flexible integration of information (Zeithamova & Preston, 2010), situate it well to meet the 

demands of maintaining, updating, and using semantic memory across experiences and over 

time. Indeed, various conceptions of word knowledge and word learning suggest that this 

knowledge includes how much information is associated with a word or concept (e.g., McGregor 

et al., 2002; Laszlo & Federmeier 2011) and that the process of learning these associations is 

protracted over time (Carey, 2010; McMurray et al., 2012). From this perspective, the 

hippocampus may support remote semantic knowledge by strengthening and enriching existing 

semantic representations through the addition and integration of new information (e.g., features 

or senses of a word) as words are retrieved and used in novel contexts in the negotiation of 

meaning in the moment, and the updating process may be supported during sleep (McMurray, 

Kapnoula, & Gaskell, in press).  
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These findings add to an existing body of work on the role of the hippocampus in 

semantic memory. Most of this work has focused on the initial acquisition of new semantic 

information. Patients with hippocampal amnesia are asked to learn new associations rather than 

add to or update existing representations (e.g., Hayman et al., 1993; Verfaellie, et al., 2000; 

Bayley & Squire, 2002; Schmolck, et al., 2002; O'Kane, et al., 2004; Stark, et al., 2005; Manns et 

al., 2003; Gabrieli et al., 1988; Duff et al., 2006; Warren & Duff, 2014; Vargha-Khadem et al., 

1997; Sharon et al., 2011). The overwhelming majority of these studies report profound deficits 

in acquiring new semantic information, and even when some new semantic learning is seen, that 

learning is described as slow, sparse, and inflexible (e.g., O'Kane et al., 2004; Bayley & Squire, 

2002). Related to the current findings, Skotko and colleagues (2004) reported a benefit (albeit 

temporary) in learning semantic information in H.M. when new information could be anchored 

or added to existing information or schemas (Skotko, et al., 2004). The general idea being that it 

is easier to build or add to an existing representation than it is to create a brand new one, and that 

such processes are possible (although not normal) in the absence of a functioning hippocampus. 

The proposed mechanisms for such slow, gradual learning in amnesia include intact neocortical 

learning processes (McClelland et al., 1995; O'Reilly & Rudy, 2000). More recent accounts of 

neocortical learning, however, suggest that new associations can be rapidly incorporated into 

neocortical structures if they are consistent with prior knowledge (Tse et al., 2007; 2011; 

McClelland, 2013). That is, neocortical learning may not be as much about slow or gradual 

learning as it is prior knowledge dependent (McClelland, 2013). However, this process appears 

not to be completely independent of the hippocampus. For example, although HM was able to 

learn some new semantic information for which he already had some existing knowledge, he 

learned remarkably little and not at a normal rate (Skotko et al., 2004). Furthermore, word 
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learning techniques like fast mapping, thought to rapidly integrate new semantic information into 

cortical memory networks through retrieval of a related known concept (Coutanche & 

Thompson-Schill, 2014), fail to produce durable learning in patients with hippocampal damage 

(Smith et al., 2014; Warren & Duff, 2014, although see Sharon et al. 2011). In the animal 

literature, Tse et al. (2007) found that removing the hippocampus after successful learning of 

schema-consistent information prevented the learning of additional associations. These results, 

and the findings presented here, suggest that, in addition to initial learning of semantic 

representations, the hippocampus may also contribute to the addition of new information to 

existing neocortical knowledge networks. The nature and time course of the interactions between 

hippocampus and neocortex in initial and extended learning and maintenance of semantic 

information, will be important avenues for future studies.  

While the current studies are the first to report impoverished remote word knowledge in 

amnesia, these results fit neatly with other studies reporting that some aspects of semantic 

memory use are impoverished in amnesia. Rosenbaum et al. (2004) examined autobiographical 

memory in patient K.C. and found that, in addition to deficits in autobiographical episodic 

information, K.C. also displayed impairments on the personal semantic schedule of the 

Autobiographical Memory Interview (Kopelman et al., 1989). Sheldon and colleagues (2013) 

asked patients with medial temporal lobe amnesia to freely associate as many words as possible 

related to a cue word. The authors reported that the patients with amnesia provided significantly 

fewer words than healthy comparison participants. The authors suggest that comparison 

participants, unlike the patients, were able to leverage intact episodic memory when producing 

the associated words (Sheldon et al., 2013). Another explanation for those data are that the 

patients simply had less information associated with the cue words.  
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Studies of semantic memory in amnesia are often used to provide evidence for or against 

the idea that semantic memory and episodic memory are equally dependent on the hippocampus. 

The current study, and those described above pointing to impoverished semantic memory across 

a range of tasks, provides additional evidence that, like episodic memory, semantic memory 

depends critically on the hippocampus. It is argued that the methods used to measure the 

complexity that episodic memories can take have outpaced those used to examine semantic 

memory, and it is hoped that the current work, by adapting more sensitive measures to the 

neuroscientific study of semantic memory, will show both types of memory to be equally 

dependent on the hippocampus. Indeed, just as hippocampal pathology has been shown to have 

negative effects on episodic memory for both the remote past and the future (Hassabis et al., 

2007; Kurczek et al., 2015; Nadel & Moscovitch, 1997; Moscovitch, et al., 2005; Race et al., 

2011; St‐ Laurent et al., 2014) hippocampal damage also disrupts semantic memory across time. 

The same hallmark processing features of the hippocampus (e.g., relational binding, 

representational flexibility, reconsolidation, flexible integration and (re)combination of 

information) that support episodic memory, simulation, and other creative and (re)constructive 

processes (and that when disrupted produce deficits across these abilities) also appear to support 

maintaining, updating, and using semantic memory across experiences and over time.  

Other studies have suggested that episodic memory may contribute to performance on 

semantic memory tasks (i.e. Greenberg et al., 2009; Ryan et al., 2008). We agree with those who 

have commented on the difficulty in parsing contributions that episodic and semantic memory 

play in a given task (Tulving et al., 2005; Ryan et al., 2008; Greenberg et al., 2009) and suggest 

that future work that attempts to manipulate more explicitly the contribution of episodic memory 

on semantic memory performance is warranted. We attempted to evaluate any possible 
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contributions that episodic memory may have played in these studies specifically by measuring 

the number of personal anecdotes participants produced in the features-listing task, and observed 

no group differences. It is possible however, that across tasks participants may have used specific 

memories from the events of their lives as they produced features and senses and picked out 

correctly matching associates. Semantic memory and episodic memory are both part of the 

declarative (relational) memory system and both depend on the hippocampus. It is possible to try 

to pull apart the two systems and find tasks and situations where they differ in key respects. 

Focusing on their similarities reveals much overlap and raises the question of how cleanly they 

can be pulled apart. 

 

 

4.2		 A	lack	of	updating	previous	knowledge	with	new	information	explains	(at	least	
some,	but	not	all)	of	the	observed	deficits		
	

4.2.1	Aim	2	study	of	age	of	onset	and	richness	across	the	lifespan	
 

Given the significant impairments observed on the features, senses, and word associates 

tasks, the question becomes whether previously acquired semantic representations become 

impoverished in amnesia due to a failure to update and enrich knowledge, a failure to maintain 

and strengthen existing knowledge, or some combination of processes. The results of Aim 2 

suggest that a failure to update and enrich knowledge over time can explain (at least some of) the 

deficits seen in the amnesic group. Participants matched to the amnesic patients’ age of onset 

performed significantly worse across measures of semantic richness than healthy participants 

matched to the patients’ current age. This shows that people continue adding to their knowledge 
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over time and the patients, had they not suffered a brain injury, would have likely continued 

adding to their own knowledge. Each time a word is used or experienced, its representation 

likely changes in some small way as additional features, senses, associates, contexts, of the word 

are learned, and added and integrated with existing knowledge. The data here point toward 

hippocampal support for at least some of these processes. Some percentage of the observed 

impairments can be attributed to the patients’ inability to update, add to, and enrich their 

previously acquired knowledge. 

It is remarkable that people continuously add to their knowledge over time, leading to 

richer and richer individual semantic representations and richer semantic networks. Healthy 

participants with a mean age in their 50s display significantly richer knowledge about common 

words than healthy 30 year olds. The strong correlations seen across tasks in healthy participants 

with ages from early 20s to early 70s suggest that in the healthy brain, semantic knowledge 

continuously grows with age and experience. The hippocampus, in its capacity for relational 

binding, memory reconsolidation, and flexibly integrating information, supports this growth of 

knowledge. Living with hippocampal damage for 20+ years on average, the amnesics’ 

knowledge appears not to have grown since their brain damage and onset of their amnesia. 

 Most cognitive functions get worse with age including executive functions, memory 

abilities, reasoning skills, spatial visualization, and processing speed (Salthouse 2003; Salthouse 

2009). These abilities decline on average beginning in young adulthood (Salthouse 2009).  

Various neurobiological factors also decline with age and likely underpin the declines in 

cognitive abilities. These include declining regional brain volumes (Allen at al., 2005), reduced 

myelin integrity (Hsu et al., 2008), declining cortical thickness (Magnotta et al., 1999), and 

increases in neurofibrillary plaques and tangles (Del Tredici & Braak, 2008). It is remarkable 
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that despite the large literature detailing cognitive and neural declines with age, the older adults 

in this study outperformed the younger. Breadth of vocabulary is one documented exception that 

has been shown to increase with age at least until around age 65 (Light 1992; Salthouse 1993; 

Salthouse 2014.). The results reported here show that not just breadth of vocabulary, but depth 

and richness of one’s knowledge about the world also increases with age. 

 The oldest participants included in this study (demographically matched to some of the 

frontal BDCs) had ages in their early 70s. It is likely that participants older than this would, on 

average, begin to show reduced performance on the measures tested. Both retrieval problems 

accessing otherwise intact knowledge and representational deficits due to degradation of the 

strength and organization of semantic information which are common in older age would lead to 

worse performance. Furthermore, hippocampal volume and functioning is impacted in advanced 

age (Raz et al., 2005;Fjell et al., 2013) and any such changes in older adults would impact their 

performance on these tasks. 

 The youngest participants included in this study were college-aged students in their early 

20s. It would be interesting to see how performance on these tasks would change from ages 10 – 

20. It is likely that even steeper increases in performance would be observed. Students in middle 

school and high school learn an enormous amount about the world, their knowledge grows 

substantially, and it is predicted that steep patterns of increasing semantic richness would be 

observed across this decade of life. 

 Humans’ ability to learn about the world around us is one of our most incredible abilities. 

The current studies document significant increases in the richness of healthy participants’ 

semantic networks with age. The longer one exists in the world, the greater the opportunities 

there are to learn about it, and with time and experience, one’s knowledge grows richer and 
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deeper. The deficits seen in the amnesic group provides a mechanism: relational binding 

supported by the hippocampus. The hippocampus supports the growth of the breadth and the 

depth of semantic knowledge over time. Models of language learning that emphasize the role of 

one’s experience with and the use of language in driving learning also posit that learning occurs 

across the lifespan and does not end once one has mastered the basics (e.g. Chang, Dell & Bock, 

2006; Ramscar, Hendrix, Shaoul, Milin, & Baayen, 2014). Thus, we can view the deficit in 

amnesia as an impairment in protracted word learning, the ability to increase the amount of 

information and concepts associated with a word over time and with experience.	

	

4.2.2	 Lack	of	updating	cannot	explain	all	of	the	observed	deficits	
 

While a lack of updating semantic networks with new information over many years appears to 

explain some of the deficits seen in the amnesic group, it cannot account for the full deficits 

observed. Age-of-onset matched healthy comparisons perform significantly better than the 

amnesic patients across tasks. This suggests that in addition to the lack of updating, other 

processes are involved in producing the profound deficits observed. 

 One possibility is that patients have impairments in accessing and using their knowledge. 

For the features and senses listing tasks, participants must generate matching associates of target 

words and communicate these to the experimenter under a time limit. Work showing a critical 

role for the hippocampus in flexible and creative thought suggests that these processes could be 

impaired (Duff, Kurczek, Rubin, Cohen, & Tranel, 2013; Duff, Hengst, Tranel, & Cohen, 2009) 

as does work documenting hippocampal involvement in processing and using language (Duff & 

Brown-Schmidt, 2012). Using semantic information in the moment to understand others’ 



	 	 	 110	

language and to produce one’s own requires great flexibility and creativity and if these abilities 

are compromised due to hippocampal damage, one’s performance would be expected to suffer. 

 Data from the Word Associates Test suggest that impaired access cannot fully account 

for the deficits. The WAT is a receptive measure of depth of vocabulary. All correct answers are 

on the page in front of participants and they must simply identify correctly matching associates 

from the possibilities for each target word. The WAT correlates strongly with performance on 

the productive measures suggesting that these tasks tax similar abilities. It is also noteworthy that 

the WAT tests collocational vocabulary knowledge. It could be hypothesized that this type of 

knowledge is acquired through statistical learning and would be intact in hippocampal amnesia. 

Interestingly amnesic patients show large differences in both synonym sub-scores (Perfect score 

= 73. amnesic mean = 56.3, NC mean = 66.7, t = -3.1, p < 0.05.) and collocates (Perfect score = 

87. amnesic mean = 69.3, NC mean = 83.0. t = -3.4, p < 0.05.). 

 Another possibility is that patients’ knowledge has degraded since the onset of their 

amnesia. Not only have they failed to update their knowledge in many years, but they may have 

actually lost some of what they once had and this could explain why they perform worse than 

their age-of-onset matched comparisons. Work examining memory reconsolidation has shown 

that retrieving or reactivating a memory places the memory trace in a labile state and requires a 

process of reconsolidation to restabilize it. During this labile state, the memory trace is 

vulnerable to disruption or extinction (McKenzie & Eichenbaum, 2011). It is thought that the 

hippocampus is necessary to place memory traces into this labile state in the first place (Debiec 

et al., 2002; Winocur et al., 2009). What is not known is whether the hippocampus places a 

critical role in the maintenance of memory over time. Additionally it is not known if memories 

can be put into this labile state in the absence of normal hippocampal functioning. Perhaps 
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without a functional hippocampus, memory reconsolidation processes are abnormal, 

maintenance is disrupted, and the amnesic patients have lost substantial amounts of previously 

acquired knowledge since the onset of their brain damage.  

 Amnesic patients’ knowledge may also have atrophied due to disuse. In addition to their 

hippocampal damage, these patients differ from the comparisons that were tested in several 

important ways. Even in relation to the Brain-damaged comparison patients, the amnesics have 

reduced independence. Several of them have spent most of the years since their brain-damage 

living in institutions and not at home with family members. They have not had careers or held 

jobs for many years. They’ve had reduced social lives. In sum, they have likely had far fewer 

opportunities to use their own semantic knowledge and fewer opportunities to experience others 

using their semantic knowledge networks. Fewer times using and strengthening their own 

knowledge and fewer exposures to others using knowledge may have led to losses of knowledge 

over the years. This possibility, combined with the reconsolidation literature described above 

provides an explanation for the possibility that patients’ knowledge may have decayed over the 

many years living with hippocampal pathology. Greater opportunity for using language and 

experiencing language allows for opportunity to strengthen knowledge of individual words, the 

relationship between words, the different features, senses, associates, and contexts words appear 

in, including semantic contexts and syntactic structures. Having fewer of these opportunities 

could lead to an impoverished semantic system compared to someone with greater opportunities. 

Beyond the reduced opportunity to use it, the additional hippocampal damage impairs the ability 

encode and benefit from those experiences fully. The combination of these forces may lead to 

impoverished semantic networks over time. 
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4.3 The	use	of	semantic	representations	during	discourse	appears	impoverished	in	
hippocampal	amnesia	
 

Aim 1 demonstrates that hippocampal amnesic patients show impoverished remote 

semantic memory. Aim 3 extends these deficits to the use of semantic information in the service 

of communication. Amnesic patients showed significantly lower levels of lexical diversity in the 

language they produced than healthy comparisons. The variety of words they retrieved from their 

lexicon and used in the service of communication was markedly less than the healthy 

participants. 

The number of semantic details deployed in communication, though not significantly 

different between patients and NCs showed a strong trend toward being impoverished in the 

amnesic group. NCs produced 95 semantic details across the language samples, while amnesics 

produced only 56. It is likely that this study was underpowered. It is predicted that increasing the 

amount of speech analyzed by including additional narratives will reveal true group differences.  

It has previously been reported that hippocampal amnesic patients produce language with 

lower levels of semantic richness than comparisons (Race et al. 2013).  This work however 

focused on semantic prospection, the ability to imagine non-personal facts and general 

conceptual knowledge in an imagined future. It was found that while amnesic patients could list 

some general issues relevant to the future, their descriptions were impoverished compared to 

healthy controls with the patients unable to give detailed and specific simulations of the semantic 

future. This work suggests that the hippocampus plays a critical role in the construction of 

detailed semantic simulations (Race et al., 2013). This same group found a similar deficit when 

investigating well-known semantic narratives (e.g., fairy tales) (Verfaellie et al., 2014). A 

previous study (Rosenbaum et al., 2009) found the same deficit, fewer semantic details when 
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recalling well-known fairy tales and bible stories. Although the amnesic patient was normal on 

recognition tests of these details, using that knowledge flexibly and richly when recalling the 

stories was found deficient. Extending these observed deficits to descriptions of past experiences 

and to current communicative contexts promises to make a new and valuable contribution to the 

literature. Currently it is thought that remote semantic memory is intact in hippocampal amnesia. 

Although there is growing recognition for the roles that the hippocampus may play in language, 

the dominant view of the hippocampus only considers it important for memory. Detailing a role 

for the hippocampus in using semantic knowledge flexibly and richly during communication 

would extend current knowledge regarding how the hippocampus supports human cognition. 

Studies of hippocampal contributions to language production and comprehension have 

shown disruptions in language processes in patients with hippocampal damage including reduced 

levels of verbal play (Duff, et al., 2009), reduced instances of reported speech (Duff, Hengst, 

Tranel, & Cohen, 2007), impairments in interactional discourse (Duff, et al., 2008), disruptions 

to referential processing (Duff et al., 2006; Duff et al., 2008; Kurczek & Duff, 2011), disruptions 

to the on-line processing of language (Rubin et al., 2011), and disruptions in creative thinking 

(Duff, et al., 2013). Together this work suggests a critical role for the hippocampus in supporting 

the flexible and rich use of language (Duff & Brown-Schmidt, 2012). The current results extend 

these findings of hippocampal support for the use of language into the domain of semantics by 

showing that patients with hippocampal damage show reduced levels of lexical diversity and 

semantic richness in the language they produce. 

Future work should examine how the use of language changes over time following 

hippocampal damage. If patients’ use of lexical diversity or semantic detail is the result of their 

hippocampal damage in the moment, one would not expect to see differences in their 
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performance over time. The data samples analyzed for the current study are 9 years old or more. 

Future work could see how richly the patients today deploy their semantic networks in the 

service of communication. If the patients’ social isolation contributes to this deficit, one would 

expect them to perform even worse today than they did 9 years ago. 

Aim 3 examines how participants use their semantic representations in natural, dynamic 

communicative settings.  While in Aim 1 showed that individual representations are less rich in 

the amnesic group, words do not usually function as static, individual entities, but rather are 

embedded in sentences, in texts, and in discourse for the purpose of communication. While 

having information is nice and important, being able to use it is even more important. The real-

time use and processing of semantic information – using words and language to communicate 

with others are crucial skills and appear to be abnormal following hippocampal damage. Aim 3 

extends the scope of deficits to language use (and not just the words themselves), offers a finer 

grained understanding of how hippocampal damage disrupts semantic memory across all its 

varied uses (e.g., defining words, linking those words to other words, and using that knowledge 

to negotiate meaning with other humans) and serves to differentiate these deficits from other 

neurological conditions that affect language. 

 
 
 

4.4	 Eye-tracking	experiments	point	toward	intact	basic	semantic	processing	
 

 Despite the deficits seen in the behavioral measures of semantic richness and depth of 

knowledge, patients’ performance on the eye-tracking studies of semantic processing appears 

indistinguishable from comparisons. It is argued that these tasks provided too simple a challenge 

for the amnesic patients and that ceiling affects for the comparison participants masked true 
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group differences in semantic memory, differences that were apparent in the behavioral tasks. 

Instead of measuring strong semantic associates, it is predicted that is more remote associates are 

tested, true group differences will be revealed. 

 Patients’ surface level knowledge of semantics is intact and this has led to the claim that 

their remote semantic memory is fully intact, fully normal, and indistinguishable from a healthy 

person’s. Patients can produce and comprehend language normally enough that after a brief 

conversation with one of them, one might never suspect that they have brain damage and suffer 

from a severe memory impairment. Patients can name common items; they score within normal 

limits on the Boston Naming test. Amnesics know simple definitions for common words and can 

match a short definition to its correct target on standard neuropsychological assessments of 

semantic memory such as the WAIS Vocabulary test. It is only when one interrogates knowledge 

below this surface level where deficits become apparent in the depth, richness, and complexity of 

their knowledge. 

 The first word-level eye-tracking study investigated very strong semantic associates (e.g. 

lock and key). Replicating findings from college undergrads, the amnesic patients, the frontal 

BDCs, and healthy participants demographically matched to both groups, preferentially fixated 

strong semantic associates to the target words they heard rather than unrelated items. 

 Other eye-tracking studies investigating semantic memory have pushed beyond these 

closest strong semantic associates. Mirman and Magnuson (2009) investigated more remote 

associates. For example, with cake as a target word, pie is a strong semantic associate, pear is 

more remotely associated with cake, and stone is unrelated. The authors found that after hearing 

cake, participants looked the most at cake and ultimately clicked on it. There were a greater 

proportion of fixations to pie, the strongest associate than the other items. However, they found a 
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greater proportion of fixations to pear than stone. Semantic activation likely drove attention to 

more remotely semantically associated items than unrelated. It is predicted that if the amnesic 

patients were tested on more remote associates, deficits would be observed. 

 The second visual world paradigm  study investigated participants’ use of semantic 

information in processing and resolving an unfolding sentence over time. When hearing a 

sentence while looking at four possible referents of the sentence, upon experiencing a verb that 

can only apply to one of the four items, both amnesic and healthy comparison participants 

preferentially fixate the item that the verb could refer to at the expense of the other possibilities 

even before hearing the name of the item. Again, it is argued that these abilities only tap 

participants’ superficial, surface level of knowledge. Knowing that of four items (e.g. a comb, a 

baby, a sweater, a cracker), all can be picked up, but it only makes sense to bathe one of them 

does not require deep or rich knowledge that takes many years to acquire, rather this is basic 

knowledge that one likely acquires at a young age, and it fits with the standard 

neuropsychological profile of these patients that these abilities would be intact. 

 Other eye-tracking investigations of semantic processing have included more 

complicated sentences. In a study of the incremental processing of sentences, Kamide et al. 

(2003), used more complicated, unfolding sentences. Instead of a sentence like those used in the 

current work (“The boy will eat/move the cake/train/car/ball.”), participants heard sentences such 

as “The woman will | spread the butter | on the bread.” Or “The woman will | slide the butter | to 

the man.” They found that participants made anticipatory eye-movements, predicting the 

unfolding of the sentence. The butter was common to both sentence, but after hearing spread, 

participants were more likely to look at the bread, and after hearing slide, participants were more 

likely to look at the man. Another study, after presenting subjects with a display that includes a 
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man, a cake, and two other items for a few seconds, takes the image away and presents a blank 

screen (Altman et al., 2004). Then, when hearing “The man will eat the cake,” the authors found 

that participants preferentially fixated the locations where those items had previously been 

observed. It is predicted that such studies would tax relational binding capabilities that are 

known to be impaired in hippocampal amnesia, and deficits in processing semantic information 

in real time would be observed. 

Results from the current eye-tracking investigations of semantic memory suggest that 

basic semantic knowledge is intact in amnesia and patients can use this basic knowledge 

normally in resolving an unfolding sentence. In describing the nature of the disruption in 

semantic memory as a consequence of hippocampal amnesia, it is important to distinguish these 

deficits from other disorders of semantic knowledge such as semantic dementia. Critically, the 

patients with amnesia here do not have a progressive neurological disorder where semantic and 

conceptual information degrades over time. Rather, the deficit in patients with hippocampal 

amnesia appears to be an inability to add significant amounts of new information to existing 

representations and/or an inability to establish and strengthen new relationships within and 

between words through their extensive, everyday use. There appears to be no degradation of 

basic semantic knowledge in hippocampal amnesia. Indeed, in the behavioral tasks, the patients 

were remarkably similar to the comparison participants in the features and senses they did name 

and there was no indication of a loss of conceptual content (i.e., all the information they provided 

was accurate). The amnesic patients just knew significantly less about these concepts than the 

comparison participants. There was also no evidence of category specific knowledge loss, which 

is often associated with semantic dementia. While the nature of the disruption in semantic 

memory reported here appears distinct from other disorders of semantic memory, future work 
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delineating the contribution and time course of the hippocampus with the full semantic network 

for the acquisition and representation of semantic knowledge over time promises to offer a more 

complete understanding of the dynamic neural network for semantic memory and its varied 

disorders.  

 

4.5	Word	knowledge	vs.	world	knowledge	
 

 It is argued that the observed deficits are deficits in knowledge about the world and are 

not limited to impairments in knowledge about words. Words are part of this world. Just as we 

can learn about trees and dogs, we can learn about words, and our knowledge can grow deeper 

and richer with time. Some have argued that that lexical knowledge and knowledge about the 

world are too entwined and are in principal inseparable (Jackendoff 2003). Others have provided 

evidence that in the brain, (lexical) semantic and world knowledge are processed by the same 

neural structures and are integrated simultaneously (Hagoort et al., 2004). These debates and 

broader issues were not of interest in the current studies. The vast majority of knowledge about 

the world can be and is communicated through language, so language was used to interrogate 

participants’ knowledge. Most semantic knowledge is tied to one lexical tag (and usually many, 

many tags). It is unclear how much knowledge about the world can exist with tying it to lexical 

forms and how much a person can think about the world without using lexical information.  

Language and words are parts of this world, so any impoverished knowledge of language is an 

impoverished knowledge of the world. Future studies will attempt to interrogate participants’ 

knowledge of the world without using language. 
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4.6	 Limitations	
 

Certain limitations of these studies should be noted, including the small sample sizes, 

which affect within-group comparisons in particular. In presenting the data, however, we have 

displayed individual HC data points (indicating the performance of the HC and comparison 

groups is non-overlapping) and have used measures of effect size appropriate for small samples. 

The lack of volumetric analyses for extra-hippocampal structures for the whole group of amnesic 

patients is another limitation. While the deficits in semantic memory presented here, as well as 

the other studies in the recent literature (e.g., Race et al., 2013), fit most parsimoniously with the 

hallmark mechanistic properties and functional processing features of the hippocampus, future 

work in patients with well characterized lesions to other medial temporal lobe structures is 

warranted to verify the anatomical specificity of the reported findings. Such data would also be 

important in understanding the role of the hippocampus relative to other temporal lobe structures 

that are known to support aspects of semantic knowledge.  

	
	

4.7	 Conclusions	
 

By informing current theories of semantic memory, informing theories of hippocampal 

contributions to behavior, and bringing refined methods to the neuroscientific study of semantic 

memory, it is hoped that this work makes positive contributions to the scientific literature. 

Remote semantic memory has long ben considered independent of continued hippocampal 

functioning and intact in hippocampal amnesia.  By documenting large deficits in the depth and 

richness of previously acquired semantic concepts in hippocampal amnesia, the current work 

offers a challenge to the standard account. The main challenge is to the perspective that considers 
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currently held knowledge as “remote.” By considering the knowledge of a concept across time, 

across a person’s lifespan, and considering how the knowledge can change and evolve, it seems 

clear that the hippocampus, in its capacity for relational binding and the flexible integration of 

information continues to support previously acquired knowledge. Providing evidence for a 

continued role for the hippocampus in supporting previously acquired semantic knowledge, and 

in detailing a role for the hippocampus in using this knowledge in communication, this work 

makes a new contribution to the literature on semantic memory and the neural structures that 

support it. 

This work also contributes to theories of hippocampal contributions to behavior. Many 

have argued that episodic and semantic memory place different demands on the hippocampal 

system, with episodic memory processing thought to be more dependent on the hippocampus 

than semantic. Some have even argued for intact semantic acquisition without any role for the 

hippocampus. The results presented here argue against such views.  These results point towards 

hippocampal involvement in both episodic and semantic memory and across different time points 

in the memory’s lifespan. These results suggest that any ability that requires binding arbitrarily 

related pieces of information together (such as a label and its meaning, or a label and one of its 

features) and flexibly integrating that information with prior knowledge, will receive a major 

contribution from the hippocampal system. Furthermore, the results in Aim 3 documenting a 

hippocampal role in using semantic information during discourse expand the known roles for the 

hippocampal declarative memory system for also supporting behavior in the moment and add to 

a growing body of work showing hippocampal contributions to language more generally. 

 This work has brought more sensitive measures from other literatures to the 

neuroscientific study of semantic memory. It is hoped that others in the neuroscience community 
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will become aware of the diverse fields studying different aspects of semantic processing, and 

apply these measures and viewpoints to their own research. Many disorders affect the ability to 

learn new words, remember them, access previously learned semantic representations, and use 

them flexibly and fluidly in normal communication including Semantic Dementia (SD), 

Alzheimer’s disease (AD), aphasia, and even the healthy aging process. It is hoped that a clearer 

picture of the basic science of semantic memory will lead to new avenues for detecting, treating, 

and coping with its disorders. It is hoped that these more sensitive measures may be of predictive 

value in progressive populations such as SD and AD. If this proposal leads to more sensitive 

measures and earlier diagnoses of memory impairments, it could lead to earlier implementation 

of promising interventions, and in this way make a major clinical impact.  

In summary, we found that when tested with measures of semantic richness and 

vocabulary depth, participants with hippocampal amnesia display impoverished remote semantic 

memory. These deficits, on both productive and receptive measures, suggest that the 

hippocampus continues to play a role in supporting semantic memory beyond its initial 

acquisition.  Data from healthy participants shows that semantic memory becomes richer and 

richer with age and experience. The deficit seen in the patients provides a mechanism for these 

observations: hippocampal support for binding new information with previous knowledge. 

Deficits in using lexical and semantic knowledge normally extend the impairments from deficits 

in knowledge and information to deficits in using what one has in the moment in the service of 

communication. Humans’ ability to acquire extensive knowledge about the world around us is 

one of our most exquisite and cherished abilities. The current results document a role for the 

hippocampus in acquiring, enriching, and using such knowledge. 
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Appendix	
	
1. Instructions for the familiarity survey for target words used in the features and the 

senses experiments 

For each word below, please rate how familiar you are with the thing to which the word refers.  
 
 
1 = Not at all familiar 
2 
3 
4 
5 = Familiar 
6 
7 
8 
9 = Extremely familiar 
 
 
Please circle the number that best reflects how familiar you are with the thing to which the word 
refers. 
 

 

2. Instructions for the feature-listing task (Adapted from McRae et al., 2005). 

This experiment is part of an investigation into how people know the meanings of words. To help 
us conduct this work, we need information on what people know about different things in the 
world. I am going to read you different words that each denote a concept. Please tell me as many 
properties of the concept to which the word refers. Examples of different types of properties 
would be: physical properties, such as internal and external parts, and how it looks, sounds, 
smells, feels, or tastes; functional properties, such as what it is used for; where, when and by 
whom it is used; things that the concept is related to, such as the category that it belongs in; and 
other facts, such as how it behaves, or where it comes from. Please note that even though many 
of the words can be thought of as something other than a noun (e.g., “camp” can refer to the 
place where your tent is pitched, or the action of camping), all words are meant to be considered 
as nouns only (e.g., “camp,” the place). Here are 3 examples to give you an idea of what might 
be considered a property description of a concept. 
 
 
duck     cucumber     stove 
is a bird     is a vegetable     is an appliance 
is an animal    has green skin     produces heat 
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waddles     has a white inside     has elements 
flies     has seeds     inside has an oven 
migrates     is cylindrical     made of metal 
lays eggs    is long      is hot 
quacks     grows in gardens     is electrical 
swims     grows on vines     runs on wood 
has wings    is edible      runs on gas 
has a beak    is crunchy     found in kitchens 
has webbed feet    used for making pickles    used for baking 
has feathers    eaten in salads     used for cooking food 
lives in ponds 
lives in water 
hunted by people 
 
 
You may be able to think of more and/or different types of properties for these concepts, but 
these examples should give you an idea of what is requested of you.  
 
	

3.	Instructions	for	the	senses-listing	task:	

Many	words	have	different	senses	or	different	meanings.	For	example	the	word	“bank”	can	
mean	the	place	where	you	keep	your	money,	or	a	river	bank.	The	word	chicken	can	mean	the	
animal	with	two	legs	and	a	beak,	it	can	mean	the	meat	on	your	plate,	or	it	can	mean	someone	
who	is	afraid.	These	words	have	different	senses	with	somewhat	different	meanings.	I	am	
going	to	read	you	some	words	and	I’d	like	you	to	please	tell	me	all	of	the	different	senses	of	the	
words	that	you	can	think	of.	
	

4.	Instructions	and	examples	for	the	Word	Associates	Test	(Aim	#1,	Experiment	3)	

This is a test of how well you know the meaning of adjectives that are commonly used in English. Each 
item looks like this:  

sudden 

___beautiful     ___quick     ___surprising    ___thirsty  ___change     ___doctor     ___noise     ___school  

There are eight words in the two boxes (left & right boxes).  

The words here on the left side may help to explain the 
meaning of "sudden". 

The words here on the right side are nouns that may 
come after "sudden" in a phrase or a sentence. 

"Sudden" means "happening quickly and unexpectedly", 
so the correct answers on the left side are "quick" and 
"surprising".  

We do not normally say "a sudden doctor" or "a sudden 
school", but we often say "a sudden change" and "a 
sudden noise", so "change" and "noise" are the correct 
answers on this side.  
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From the two boxes, select four words that you think are relevant to the stimulus word (i.e., ‘sudden’ in 
this example), according to the criteria mentioned above. Check the correct answers like this:  

sudden 

___beautiful      _X_quick      _X_surprising    ___thirsty  _X_change      ___doctor      _X_noise     ___school  

Note: In this example, there are two correct answers on the left and two on the right, but this is just an 
example. Do NOT assume there are a consistent number of correct answers on the left or on the right. 
There could be one on the left and three on the right. There could be two on each side. There could be 
three on the left and one on the right. Just remember: try to find four related words for each item. 

Practice	Items:	
	
From the two boxes, select four words that you think are relevant to the stimulus word.	

sound 

___logical     ___healthy     ___bold     ___solid ___snow     ___temperature     ___sleep   ___dance  

	

mutual 

___complete     ___double     ___same     ___equal ___traffic     ___people     ___friend    ___enemies  

 
 

	

	


