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Abstract Path integration is a fundamental mechanism ofsignibcantly from straight ahead in direction of the start

spatial navigation. In non-human species, it is assumed tplace, which can be interpreted as a continuous motor
be an online process in which a homing vector is update@xpression of the homing vector. Head orientationNa

continuously during an outward journey. In contrast,novel online measure for path integrationNcan thus inform

human path integration has been conceptualized as a coabout the underlying updating mechanism already during
Pgural process in which travelers store working memorylocomotion. In addition to demonstrating that humans can
representations of path segments, with the computation of @amploy different cognitive strategies during path integra-

homing vector only occurring when required. To resolvetion, our two-systems view helps to resolve recent con-
this apparent discrepancy, we tested whether humans carmoversies regarding the role of the medial temporal lobe in
employ different path integration strategies in the sameéwuman path integration.

task. Using a triangle completion paradigm, participants

were instructed either to continuously update the starKeywords Path integration Cognitive strategies

position during locomotion (continuous strategy) or toSpatial cognition

remember the shape of the outbound path and to calculate

home vectors on basis of this representation (conbgural

strategy). While overall homing accuracy was superior inintroduction

the conbgural condition, participants were quicker to

respond during continuous updating, strongly suggestingath integration, the ability to integrate perceived self-

that homing vectors were computed online. Corroboratingnotion information over time, is a fundamental mechanism
these Pndings, we observed reliable differences in heaaf spatial navigation. It allows for keeping track of changes
orientation during the outbound path: when participantdn position and orientation, provides vector knowledge

applied the continuous updating strategy, the head deviateabout places encountered during travel, and is thus
assumed to play a key role in cognitive mapping (Gallistel

1990. Recent evidence from animal research, for example,
suggests that path integration provides a scaffold for
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but becomes particularly important when vision is cor-updating. Paths are usually curved structures not easily
rupted (Loomis et al.1993 or when reliable landmark divisible into a low number of straight line segments as
information is not available. In addition, by providing required by conbgural mechanisms such as the EEM. In
coarse estimates of oneOs current position, path integratiaddition, response times to point homeward at the end of a
allows for prospective coding, i.e. for predicting locationspath have been shown to decrease with increasing path
or landmarks that are to be encountered while navigatingomplexity if overall path length and turning angle are
familiar environments (Ferbinteanu and Sha@@03. controlled for (Wiener and Malla2006. This result cannot
For all animal species, path integration is described as be explained by conbgural path integration mechanisms.
continuous updating process during which ego-motion ig-urthermore, a recent fMRI study has shown that path
integrated to update the home vectorNi.e. a workingintegration in humans recruits a cortical system similar to
memory representation of the distance and direction to théhat of rodents and non-human primates (Wolbers et al.
start place of the excursion (Benhamou ard8eot1995 2007 for which path integration has been described as a
Etienne and Jeffer2004). In contrast, human path inte- continuous process. And Pnally, studies investigating spa-
gration has predominantly been described to depend ontial updatingNthe ability to update positions of external
conbgural updating process. Human path integration isbject locations while moving through spaceNsuggest that
often studied with the triangle completion task, in which humans can employ different modes of updating locations
blindfolded participants are led along two sides of a tri-(Amorim et al.1997). Spatial updating and path integration
angle. At the end of this outbound path, they are releasedppear to be similar processes as both require the updating
and asked to complete the triangle by walking back to theof positions in space based on ego-motion information.
starting point. According to the encoding error modelDuring spatial updating, however, these positions are
(EEM; Fujita et al.1993, the traveled path is divided into external object locations while they are positions occupied
straight line segments that are remembered. Only whehy the traveler during path integration. FMRI studies on
asked to start homing do participants generate a survepath integration (Wolbers et 82007 and spatial updating
representation of the traveled path and compute the hom@Vvolbers et al2008 suggest that different cortical systems
vector on basis of this representation (for more recenare involved in representing and updating external object
applications, see: ®ech et al.1997 Klatzky et al. 1999  locations and locations occupied during navigation, indi-
May and Klatzky2000 Mahmood et al2009. The fact cating that spatial updating and path integration may also be
that participants are able to retrace the outbound paths dissociable on a functional level. Ongoing work in our
required and that response times increase with increasingboratories appears to support this conclusion.
path complexity (e.g., Loomis et al993 provide support To the authorsO knowledge, no study so far investigated
for such a conbgural path integration strategy. continuous strategies in human path integration, which
It is important to note that continuous and conbguralrequires updating self-location (as opposed to external
path integration strategies differ in two crucial aspects:object locations, cf. Amorim et all997). While it is con-
during purely continuous updating ego-motion informationceivable that humans have access to continuous path inte-
is used to instantaneously update the home vectogration mechanisms, experimental validation is required.
Continuous path integration thus is amline processNi.e.  This study was designed to systematically test and compare
the home vector is computed during navigationNtlaks  conbgural and continuous updating mechanisms in human
not require forming a representation of the path traversedpath integration. Blindfolded participants were asked
The only representation required is the home vector itselfto solve triangle completion tasks after being carefully
Conbgural strategies, in contrast, require that the patmstructed to use either a continuous or a conbgural
conbguration is remembered; ego-motion information isupdating strategy (cf. Amorim et @997. Path integration
integrated to judge the length of the single segments anderformance was assessed by accuracy measures (homing-,
the angle in-between. The home vector is computed only airection-, and distance-error) and response times. As path
the end of the path. Thus, conbgural path integration is aimtegration is sensible to error accumulation, we expected a
offline process thadoes require the formation of a working general decrease in homing accuracy with increasing
memory representation of the traversed path. That ispath length and turning angle. With respect to the two path
continuous and conbgural updating differ both in the tim-integration strategies, we specibcally expected faster
ing of the home vector calculation and in their working response times in the continuous condition than in the
memory demands. conbgural condition; as outlined earlier, continuous path
Whereas human path integration has been described totegration is an online process (the home vector is avail-
rely on conbgural updating, there are considerations andble at all times) whereas conbgural path integration is an
recent empirical results suggesting that humans also hawRine process (the home vector is computed at the end of
access to path integration mechanisms other than conpguthle outbound path). In addition to the performance-related
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measures, we also monitored participantsO head movemeat®rage length of 8.3 m and an average turning angle of
during navigation along the two outbound legs of thel0l1 and (2)iong paths with an average length of 15.3 m
triangle. Earlier research on head movements suggests and an average turning angle of 148
important role of head orientation for the control of loco-
motion. Grasso et al.1098, for example, reported antic- Procedure
ipatory head movements on curved paths toward future
walking directions (see also, Rmst et al.2002 Hicheur  The experiment was carried out in the Tracking Laboratory
et al. 2005 Sreenivasa et aR009. Such anticipatory head (12 m x 15 m) of the Max Planck Institute for Biological
movements have been recorded even if participants wer€ybernetics in Fhingen (Germany). Participants were
blindfolded (Courtine and Schieppa&D03. In this work, blindfolded and wore earplugs to eliminate both visual and
we explore whether head orientation can also serve as auditory cues. They were equipped with 5 relRective
motor expression of the home vector or the updating modenarkers bxed on a helmet. The 3D positions of the markers
respectively. If that was the case, we expect differences iwere recorded with a sampling rate of 60 Hz using an
head orientation during the outbound paths depending oaptical tracking system consisting of 16 cameras (Vicon).
the updating strategy. To guide participants along the predebned paths, the

Evidence in favor of multiple path integration strategiesexperimenter gently pulled them using a wooden stick that
can also shed light on a number of inconsistent neuroscparticipants held with both hands. Upon arriving at the
ence bndings. In support of animal bPndings, a number aéndpoint of the outbound paths, the experimenter pushed
lesion and fMRI studies have established an involvementiown and released the wooden stick, signaling participants
of the medial temporal lobe in human path integrationto start homing. They were instructed to turn on the spot
(Worsley et al.2001 Philbeck et al.2004. In contrast, until facing the direction of the origin before starting to
Shrager et al. 2008 did not observe path integration home. Participants verbally informed the experimenter
debcits in patients with bilateral medial temporal lesionsafter arriving at the assumed home position. They were
This contradiction could be resolved if humans in fact hadinstructed to solve the homing tasks as fast and as accurate
access to multiple path integration strategies that relied oas possible. In order to eliminate any feedback about
different neuronal circuits. homing performance, participants were led back to the start

place along long winding trajectories.
The experiment consisted of a training phase and a test

Materials and methods phase

Participants Training phase

Sixteen healthy volunteers participated in this study. Oné&o familiarize participants with the task and to minimize
participant was removed from the Pnal data set, as hominkgarning and habituation effects during the later test phase,
errors exceeded the mean errors of the group by moree brst performed extensive training. Each participant was
than 2 standard deviations. All remaining 15 participantded along all 16 outbound paths and was asked to home
understood the instructions without difpculties and wereback to the start place. Participants did not receive any
naive with respect to the hypotheses at the time of testingnstructions about specibc updating strategies in the train-
(age range 19D35 years, 7 females). ing phase and were not given feedback regarding their path
integration performance.
The triangle completion tasks
Test phase
A set of 16 paths that consisted of two segments each were
composed. The paths differed in length of the brst segmernithe test phase was composed of two experimental blocks.
(4 m or 9 m), turning direction (left vs. right), turning In each block, participants were led along the 16 outbound
angle (45, 90, 135, 155, 163), and length of the second paths and were asked to home back to the start place. In
segment. As apparent from the middle panel in Higthe  one block, participants were instructed to closely attend to
paths were designed such that each of the eight bn#he outbound path and to remember it. They were
positions was approached on two different outbound pathsnstructed to imagine the shape of the outbound path for
While these path alternatives required the same homeetrieving (calculating) the home vector at the end of the
vector, one path was shorter and had a smaller turningutbound path donfigural condition). In the other block,
angle than the other path. For the analysis, we thereforparticipants were instructed to continuously keep track of
divided the 16 paths into 2 groups: (dort paths with an  the starting location such that they would be able to
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Fig. 1 Left The triangle completion task and homing accuracy measuriille The layout of the 16 outbound pathgghr Exemplary data of
one participant in the conbgural conditiodu§hed lines represent homing trajectories)

instantly point to it at all times during navigatioroptin-  Homing error did not differ between left turn trials and
uous condition). The order of the conbgural and continuousright turn trials ¢(14) = —1.04, P = .31). The order in
condition was counter-balanced between participants, anghich the test conditions were presented had no inBuence
the 16 paths were presented in a randomized order for eacn participants® homing performandg1( 14.3)= .23,

participant. P = .64). For the further analyses, left and right turn
trials were therefore pooled and order information was
Analysis discarded. Figur@ displays homing performance for two

of the paths with identical Pnal positions (i.e. release
Path integration performance was assessed by calculatimmints).
homing errorNi.e. the distance between the start point of
the outbound path and the endpoint of the homing trajecHoming error
tory. In principle, homing error can result either from
distance or direction errors alone or from a combination ofNeither for the conbgural condition nor for the continuous
distance and direction errors. We therefore also calculatedondition did we observe an improvement of path inte-
distance and direction errors (see Flj. In addition, gration performance over the 16 trials (PearsonOs prod-
response time was calculated for each trial; it was dePnedct moment correlation: conbgural condition:= .04,
as the time between releasing participants at the end of the = .62; continuous condition: = .04,P = .60), showing
outbound path, until they crossed a virtual circle with athat our training procedure successfully prevented any
radius of 40 cm surrounding the end point of the pathlearning effects during the test phase. Collapsed across
Response times therefore include the time required tdoth path lengths, mean homing error was 2.18 m for the
compute the home vector, to orient toward the start loca-
tion, and to cover a distance of 40 cm after initiating
homing. Finally, in order to assess the inBuence of the pat ———— configural cond.
integration strategy on locomotor behavior, we analyzec | 777" gzt”;';‘:‘r?;z:fh”d
position and orientation of the participantsO headNi.e. the o |
position of the helmet that was tracked by the optical
motion capture systemNalong the outbound paths. This © - SR AN
allowed comparing participantsO head orientation during _ |
locomotion between the conbgural and the continuou >

updating mode. ~ <
o~ o
Results oA o
: ‘ ‘ :
Overall, 38 trials (5.3%) were removed from the bnal date > i " m

set, as recor.dings.from the tracking S'yStem were iNCOMEig » Homing performance (95% conbdence ellipse) for two of the
plete and trajectories could not be reliably reconstructedpaths with identical bnal positions

@ Springer



Exp Brain Res

conbgural and 2.72 m for the continuous conditionAbsolute direction error

(Fig. 3). A 2 x 2 repeated measures ANOVA with factors

path length (short vs. long) and condition (conbgural vsThe overall pattern of the direction error was similar to that
continuous) revealed signibcant main effects of path lengtlef homing error (Fig.3). Mean absolute direction error was
(F(1, 14)= 20.12,P = .001, partial-eta= .59) and con- 21.90 for the conbgural and 25.4Cfor the continuous
dition (F(1, 14)= 11.37, P < .01, partial-etdA= .45) as condition. A 2x 2 repeated measures ANOVA with
well as a signibcant interactio(1, 14) = 6.64,P = .02, factors of path length (short vs. long) and condition (con-
partial-etd = .32). Specibcally, homing errors were Pgural vs. continuous) revealed signibPcant main effects
smaller for the conbgural condition than for the continuousof path length £(1,14) = 20.03,P = .001, partial-eta=
condition and for short paths than for long paths. Signip-59) and condition(1, 14) = 4.83,P = .045, partial-eta=
cant differences between the conbgural and the continuou®6). Specibcally, direction error for the conbgural condi-
condition were observed for long pathstést: 7(1, 14)=  tion was smaller than for the continuous condition. While
2.19, P < .05, two-tailed) but not for short paths fest: the interaction between path length and condition did
1(1, 14)= .68,P = .51, two-tailed), demonstrating that the not reach statistical signibcand&({, 14) = 3.46,P = .08,
two strategies only produced dissociable homing perforpartial-et& = .20), differences between conditions were

mance when tested with the long paths. more pronounced for long paths than for short paths. This
Fig. 3 Behavioral results HOMING ERROR RESPONSE TIME
(mean4 sem); Top left panel : i
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is corroborated by post hactests revealing a signibcant direction of the origin (7.43 than in the conbgural con-
difference between conditions for long pathél( 14)=  dition (2.88; r test:#(14) = 3.67; P = .002, two-tailed).

2.19,P < .05, two-tailed) but not for short pathg1,14) = In order to further analyze this effect, we calculated the

—.68, P = .51, two-tailed). slope of the deviation of head orientation from straight
ahead over the traveled distance along the second segment.

Absolute distance error When compared to the overall bias reported earlier, this

measure is sensitive to changes of head orientation during
Mean absolute distance error was 0.90 m for the conbgurdbcomotion. The analysis of the slope revealed signibcant
and 1.16 m for the continuous condition (FRB). A 2 x 2  differences between conditions. Specibcally, the mean
repeated measures ANOVA with factors of path lengthslope in the conbgural condition was close to-<Q0({)
(short vs. long) and condition (conbgural vs. continuoushile it was signibcantly larger in the continuous condition
revealed a signiPcant main effect of conditiar({, 14)=  (1.13; WilcoxonOs t test: W 46; P < .01%) as well as
7.02,P = .02, partial-etd = .34), a marginally signibcant different from 0.0 (WilcoxonOs t test against 0/0= 108;
effect of path length K(1, 14)= 3.6, P = .07, partial- P < .01). These results demonstrate that participants
et = .22), and no signibcant interactioR & .93). Spe- increasingly turned their head in direction of the start place
cibcally, distance errors were smaller in the conbguralvhile locomoting along the second segment of the path in
condition when compared to the continuous condition.  the continuous condition only.

Response time

Discussion
Whereas homing-, direction-, and distance-errors were
smaller in the conbgural condition, we observed oppositén this study, we investigated the effects of two distinct
results for our response time measure (Bg.A 2 x 2  updating modes on human path integration. The continuous
repeated measures ANOVA with factors of path lengthmode sought to resemble path integration processes as
(short vs long) and condition (conbgural vs. continuous)Xescribed in the animal literature in which ego-motion
revealed a signibcant main effect of conditidf({, 14)=  perception is used to update the distance and direction to
16.05, P = .001, partial-eta= .53), while no effect of the start place of the journey continuously (for an overview
path type F(1, 14)= .03, P = .86, partial-etd= .002) of path integration models in the animal literature, see:
and no interaction was found(1, 14)= 2.35,P = .15, Benhamou and &giinot 1995. The conbgural updating
partial-etZ = .14). The main effect for condition was mode reRects path integration models proposed for humans
driven by signibcantly shorter response times in the conwhen solving triangle completion tasks (Fujita et E993.
tinuous condition than in the conbgural condition (2.70 vs.This mode requires encoding the outbound path, generating
3.95 s), strongly suggesting that participants engaged ia survey representation of the path and computing a home
homing vector computations at the end of the outboundrector when requiredNi.e. at the end of the outbound path.
path in the conbgural condition only.

Path integration performance
Head orientation

Results revealed systematic differences between the two
The left panels of Fig4 display one participantOs trajec- path integration strategies, suggesting that task instructions
tories and head orientation data for the same outbound path fact inRuenced participantsQ path integration modes.
in both experimental conditions. On the brst leg, head-irst, response times were shorter in the continuous con-
orientation was closely aligned with the direction of travel dition than in the conbgural condition. This was expected
and did not differ between both conditions. In contrast, onas during continuous updating a home vector is computed
the second leg, the participantOs head was deviated anlineNi.e. during locomotionNand thus available at all
direction of the origin. These results were conbPrmed ortimes. In conbgural updating, on the other hand, the home
the group level (Fig4, right panels), with both condi- vector is computed only at the end of the outbound path,
tions showing signibcant deviations from straight aheadesulting in increased response times (cf. Fujita et al.
(conbgural condition [2.88vs. 0.0]: ¢ test:#(14) = 5.10, 1993. Second, path integration was more accurate (smaller
P < .001; continuous condition [7.43vs. 0.0]: ¢ test:

#(14) = 7.38, P < .001). Importantly, we also observed a * Thftf rti_ght ptaphel gf Figd demogsttrr]ates ZubeIﬁntial Chac;lges in hetlaf\
- . . rientation at the beginning and the end of the second segment. As
signibcant difference between conditions on the Secon@wse head movements are likely to be related to whole body turnings,

leg: in the continuous condition, participantsO headge prst as well as the last 20 cm of the recordings of the head
were more strongly deviated from straight ahead into therientation along the second segment were discarded for this analysis.
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Fig. 4 Left column Exemplary HEAD ORIENTATION - CONFIGURAL CONDITION
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including head orientation
(dashed lines) along the same
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homing-, direction-, and distance-error) when participantsidely independent of the length of the single segments.
were instructed to use the conbgural strategy when conMoreover, this method provides path integrators with a
pared to the continuous strategy. There was, however, agood estimation of the relation of the lengths of the two
interaction between path integration strategy and patloutbound segments, which is crucial for calculating a
length: while no differences were observed in homing erroprecise home vector. This would also explain why similar
between conbgural and continuous path integration ohoming error performance was observed on short and on
short paths, participants performed more accurately whetong paths during conbgural updating. Even if participants
using a conbgural path integration strategy on long pathestimated traveled distance by integrating perceived ego-
(direction error results show a very similar picture). Thismotion from proprioceptionNwhich is more vulnerable to
interaction can be explained by the use of the different patlerror accumulation than counting stepsNdividing the out-
integration strategies: In continuous updating errors accusound path into two discrete segments would always result
mulate with traveled distance, an increase in homing erroin a reduction of overall error accumulation when com-
on long when compared to short paths was therefor@ared to purely continuous updating.

expected. In conbgural updating, on the other hand, par-

ticipants estimated the length of the individual segmentsHead orientation

Many participants reported that they counted the number of

steps for doing so. Assuming that single steps are similar illead orientation during walking was inf3uenced by the
length, this method is less vulnerable to error accumulapath integration mode. Specibcally, participants® head
tion. The accuracy of distance estimations is thereforaleviated from straight ahead in the direction of the origin
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on the second leg of the outbound paths. While this effecineasure that can inform about the updating mechanism
was small <~2Db3) in the conbgural condition, deviation already during locomotion.
from straight ahead in the continuous condition was
signibcantly larger £7.5). Head movements during The two-systems view of human path integration
locomotion have been investigated in a number of studies.
Head stabilization, for example, has been described foPath integration performance measures, response times,
different locomotion tasks (Pozzo et 41990, suggesting and the head orientation data all suggest a reliable inRu-
that the control of locomotion relies on a head-based refence of the path integration strategy on behavior, both
erence frame. Further studies demonstrated anticipatorguring the outbound path (head orientation) and during the
head movements on curved paths with respect to the futureturn phase (homing accuracy and response time). More-
walking direction (Grasso et al998 Prevost et al.2002  over, the response time data showed the expected pattern:
Hicheur et al.2005. These anticipatory head movementsfaster response times for continuous updatingNduring
remained even if participants are blindfolded (Courtine andvhich a home vector should be available at all timesNthan
Schieppati2003. for conbgural updatingNduring which a home vector is
In contrast to earlier studies investigating head move€omputed only when required. Taken together, the results
ments during locomotion, we here demonstrate systematiare consistent with the assumption that human path inte-
deviations from straight ahead during blindfolded guidedgration can be achieved using different cognitive mecha-
walking along linear paths. These deviations were appamisms: Specibcally;ontinuous path integration constitutes
ent in both conditions along the second leg and increasedn online process during which perceived ego-motion is
in the continuous condition (see Fid). It therefore instantaneously used to update the home vectorNan ego-
appears unlikely that head movements were involved irtentric representation of the distance and direction to the
the control of locomotion anticipating the immediate start location. Purely continuous path integration thus does
future walking direction. Rather, they refRect the spatialnot require memorizing the conbguration of the path tra-
task (i.e., the integration of ego-motion). This is furtherversed and the home vector is available at all times. During
corroborated by the difference of the deviations fromconfigural path integration, on the other hand, ego-motion
straight ahead in the two conditions, strongly suggestingnformation is integrated to form a representation of the
a top down inf3uence of the cognitive updating mechanisnpath conbguration. The home vector is computed on basis
on motor behaviorNi.e. on head movements duringof this representation only if required. Conbgural path
locomotion. Specibcally, head orientation appears to be mtegration therefore constitutes and off3ine process. Con-
coarse indicator of the direction toward the starting locatinuous and conbgural path integration differ both in the
tion, thus forming a continuous motor expression of thetiming of the home vector calculation and in the working
home vector. When instructed to continuously keep trackmemory demands.
of the start position, participants constantly update the While most earlier studies on human path integration
home vector onlineNi.e. during locomotion along the discussed conbgural strategies (e.g., Fujita et18P3
outbound path. As a consequence, the head is increasinglypomis et al.1993 Klatzky et al. 1999, we predicted the
delected in direction of the start place on the second legxistence of an alternative, continuous path integration
of the outbound path. Conversely, when using conbgurahechanisms for different reasons. First, trajectories are not
updating strategies, participants predominantly attend talways easily divisible into a low number of straight line
the traveled path rather than calculating the location of thesegments. Rather, paths are curved structures, which are
start position during travel. The motor expression of thisoften more complex than the outbound paths used in tri-
ofBine strategy is a lesser def3ection of the head fronangle completion experiments. Conbgural updating strate-
straight ahead during the outbound path with no apparerdies such as described in the encoding error model (EEM:
changes in deRection along the second leg. Fujita et al. 1993, however, cannot be applied to curved
To the best of our knowledge, our study is the brst tooutbound paths. Second, recent work demonstrated that
measure head orientation during locomotion but outside theesponse times to point homeward at the end of a path
context of locomotor control. Rather, we have demon-decrease with increasing path complexity if overall path
strated that head orientation can also ref3ect a cognitiveength and turning angle is controlled for (Wiener and
process, in our case the cognitive strategy underlying patMallot 2006. This result cannot be explained with conp-
integration. Importantly, head orientation is qualitatively gural mechanisms in which the construction of a survey
different from standard path integration measures such a®presentation of a complex path consisting of more
response times or homing-, direction-, and distance-errorslements should take more not less time. Wiener and
(e.g., Loomis et al.1993: whereas these measures areMallot (2006 suggested a strategy shift from conbgural
ofBine indicators, head orientation constitutes an onlingpath integration mechanisms on simple paths to more
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continuous mechanisms on more complex paths. ThirdJsing medial temporal signals to compute homeward
Wolbers et al. 2007) have shown that path integration in trajectories.
humans recruits a cortical system similar to that of rodents In humans, the importance of medial temporal structures
and non-human primates for which path integration hador path integration has been established by neuroimaging
been described as a continuous process. Specibcally, pahd lesion studies (Worsley et &001; Philbeck et al.
integration seems to rely on the extraction of self-motion2004 Wolbers et al2007), but the precise contribution of
information in the human motion complex hMT, spatial  posterior parietal areas is less clear. The PPC receives
working memory processes in medial prefrontal cortex, ananultiple types of self-motion information, including
higher level spatial processes in the hippocampus. Finallyinformation about body movements from motor efference
studies investigating spatial updatingNthe ability to updatecopies and somatosensory feedback, vestibular self-motion
external object locations while moving through spaceN cues from the parieto-insular vestibular cortex and multi-
suggest that humans can employ both conbgural and comodal self-motion cues from hM.
tinuous updating modes (Amorim et al997. Taken Importantly, given that areas such as hM&lso have a
together, these results suggest the existence of at least twamrking memory capacity (Pasternak and Greerdee5),
path integration strategiesNi.e. continuous and conbgurait is conceivable that some integration of self-motion cues
updating. over time already occurs in early sensory areas. This
It is likely that different individuals utilize different information can in turn be used by posterior parietal
strategies, depending on their preferences, on the exastructures to build up representations of the traveled seg-
nature of the paradigm, and on the layout of the outboundnents of a path, which is consistent with recent bndings
paths. For future path integration studies, it is thereforeshowing that TMS applied over posterior parietal areas and
essential to identify the chosen strategy on an individuathronic parietal lesions disrupt the ability to assess spatial
basis. With head orientation during locomotion, we havedisplacements (Farrell and Roberts@00 Seemungal
introduced a novel online measure for path integration thaget al. 2008. In other words, the conbgural updating strat-

can inform about individual strategies. egy requires idiothetic self-motion sensing, but it does not
involve continuous updating of position and orientation
Neural mechanisms underlying path integration during the outbound path. Rather, it is based on memory

traces of translations and rotations that are ultimately used
As our results demonstrate dissociable cognitive operato compute the path layout and the relationship between the
tions for human path integration, it is important to askself and the goal location.
whether they involve dissociable (sub-)cortical mecha- We therefore propose that the two modes of path inte-
nisms. In rodents, computations of position by entorhinalgration we have established rely on dissociable neural
grid and hippocampal place cells and computations ofystems: while the continuous updating of oneQs position
orientation by head direction cells can provide the animaknd orientation depends on the grid, place and head
with online information about its current position and direction systems, the conbgural mode of storing estimates
orientation relative to a starting location (Etienne andof rotations and translations during the outward journey is
Jeffery 2004). As a consequence, damage to the mediaprimarily a posterior parietal function. In both cases, the
temporal lobe should impair path integration performancepnal computations of the egocentric spatial relationships
which has been conbrmed in lesion experiments (Whishawetween the self and the goal location occurs in posterior
and Maaswinkell998 Maaswinkel et al.1999 but see parietal cortex, and dense parieto-frontal projections allow
Alyan and McNaughton1999. While these Pndings for this spatial information to be translated into appropriate
strongly suggest that the continuous path integratioomotor programs to reach the goal location.
strategy thought to underlie animal homing behavior Our two-systems view of human path integration also
requires an intact limbic system, homing behavior is alschelps to resolve recent controversies regarding the role of
impaired following lesions to the posterior parietal cortexthe medial temporal lobe. Contrary to previous bPndings
(PPC, Parron and Sa#004). Given the established role (Worsley et al.2003; Philbeck et al.2004), Shrager and
of posterior parietal areas for egocentric spatial processingolleagues did not observe impairments in a homing task in
and the dense connections with medial temporal strucpatients with bilateral medial temporal lesions, which led
tures, the PPC is currently thought to use output fromthem to conclude that the hippocampus and the entorhinal
medial temporal lobe structures to compute the spatiatortex are not required for path integration (Shrager et al.
relationship between the current location of the animal an®008. Although one may question the reliability of the
a desired goal location (Byrne et @007 Whitlock et al.  latter Pndings due to the small sample size and the small
2008 Calton and Taub2009. Hence, the primary debcit number of longer paths tested, several methodological
of rats with parietal lesions appears to be a difpculty indifferences likely account for the discrepant Pndings. For
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example, Philbeck and coworkers (Philbeck et 2004 Ferbinteanu J, Shapiro ML (2003) Prospective and retrospective
measured path integration ability with a target-directed_ _Memory coding in the hippocampus. Neuron 40:122791239

IKi task task | hich biect tf Fujita N, Klatzky RL, Loomis JM, Golledge RG (1993) The
walking task, a task in which Subjects cannot form a Con-  gcoding-error model of pathway completion without vision.
Pgural representation of a traveled path segment and hence Geogr Anal 25:295D314
have to rely on a continuous updating of the distanceGallistel CR (1990) The organisation of learning. MIT Press,
covered. In contrast, Shrager et aR008 asked their Bradford Books, Cambridge, MA

. f . | letion b s dGrasso R, Prevost P, Ivanenko Y, Berthoz A (1998) Eye-head
patients to perform triangle completion by pointing towar coordination for the steering of locomotion in humans: an

the starting location, and they explicitly encouraged them  anticipatory synergy. Neurosci Lett 253:115D118
to actively maintain the paths in mind during each trial. Hicheur H, Vieilledent S, Berthoz A (2005) Head motion in humans

While this was done to ensure that the tasks could be alternating between straight and curved walking path: combina-
tion of stabilizing and anticipatory orienting mechanisms.

performed within the span of working memory, it most Neurosci Lett 383(1D2):87D92

likely biased participants toward using a conbgural stratkiatzky RL, Beall AC, Loomis JM, Golledge RG, Phillbeck JW
egy. Specibcally, by storing estimates of translation and (1999) Human navigation ability: tests of the encoding-error
rotation in posterior parietal circuits, these patients could  Medel of path integration. Spat Cogn Comput 1:31565

. oomis JM, Klatzky RL, Golledge RG, Cicinelli JG, Pellegrino JW,
reconstruct the path layout at the end of each trial ané‘ Fry PA (1993) Nonvisual navigation by blind and sighted:

determine the homing response without requiring online  assessment of path integration ability. J Exp Psychol Gen
information about their current position and orientation 122(1):73D91

relative to the starting location. Hence, the ability to con-Maaswinkel H, Jarrard LE, Whishaw IQ (1999) Hippocampectomized

. . rats are impaired in homing by path integration. Hippocampus
struct a survey representation of an outward journey by 9:5539561p 9P g PP P

combining distance and direction estimates, an abl'lty thaMahmood 0O, Adamo D, Briceno E, Moffat SD (2009) Age differences
may be unique to humans, can allow such patients to invisual path integration. Behav Brain Res 205(1):88D95
perform well within the range of healthy controls. Future May M, Klatzky RL (2000) Path integration while ignoring irrelevant
. - . . S movement. J Exp Psychol Learn Mem Cogn 26(1):169D186
studies aiming to characterize the precise contribution OK/IUHIer M, Wehner R (2010) Path integration provides a scaffold for
medial temporal and posterior parietal structures to human  |andmark learning in desert ants. Curr Biol 20:1368D1371
path integration therefore need to precisely assess indNewman EL, Caplan JB, Kirschen MP, Korolev |10, Sekuler R,

vidual strategies, for example by monitoring head orien- Kahana MJ (2007) Learning your way around town: how virtual
taxicab drivers learn to use both layout and landmark informa-

tation as shown here. tion. Cognition 104:2319253

Parron C, Save E (2004) Evidence for ento rhinal and parietal cortices
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