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dbstract
lé’urpose: To quantify how postural stability is modified during experimental pain while performing different
i%ognitively demanding tasks.
iiﬂethods: Sixteen healthy young adults participated in the experiment. Pain was induced by intramuscular
151jection of hypertonic saline solution (1ImL, 6%) in both vastus medialis and vastus lateralis muscles (0.9%

17sotonic saline was used as control). The participants stood barefoot in tandem position for one minute on a
18
1 Qorce plate. Center of pressure (CoP) was recorded before and immediately after injections, while performing

20

2fwo cognitive tasks: (i) counting forwards by adding one; (i) counting backwards by subtracting three. CoP
Zgariables — total area of displacement, velocity in anterior-posterior (AP-velocity) and medial-lateral (ML-
24 . . . . i
2gelouty) directions, and CoP sample entropy in anterior-posterior and medial-lateral directions were

3isp|ayed as the difference between the values obtained after and before each injection and compared
2%etween tasks and injections.

3@esults: CoP total area (-84.5 + 145.5 vs. 28.9 + 78.5 cm?) and ML-velocity (-1.71 + 2.61 vs. 0.98 + 1.93 cm/s)
31
3decreased after the painful injection vs. Control injection while counting forward (P < 0.05). CoP total area
33
3412.8 + 53.9 vs. -84.5 + 145.5 cm?), ML-velocity (-0.34 + 1.92 vs. -1.71 + 2.61 cm/s) and AP-velocity (1.07 +

35

36-35 vs. -0.39 + 1.82 cm/s) increased while counting backwards vs. forwards after the painful injection (P <
37

3§.05).

4 onclusion: Pain interfered with postural stability according to the type of cognitive task performed,

j%uggesting that pain may occupy cognitive resources, potentially resulting in poorer balance performance.

43
44
45eywords: postural stability, center of pressure, attention, distraction, pain
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Introduction

10 Controlling of upright posture requires a significant amount of attention to eenstanthy—gather
1£1formation from the body and the environment and to generate adapted and accurate muscle activation
1

1zor postural control (Morasso and Sanguineti 2002). Although the majority of postural control is regulated
15ia automatic neural processes (Bronstein and Buckwell 1997), higher cortical centers are significantly
1 Thvolved in processing sensory information to plan and execute the best motor strategy for postural control
18

1QWinter 1995). In daily life, postural control is challenging as several tasks simultaneously compete for the

20
2 fognitive resources available (Woollacott and Shumway-Cook 2002), limited by the capacity of higher

22
enters to process sensory information (Kahneman 1973). Therefore, sharing attentional resources may
23
24 . I - .
2lEfsause impairments in the performance of daily living activities (Brauer et al. 2004). Evidence-suggests-that

gFor example, competition for cognitive resources during tasks involving postural stability results in body

ggtability being prioritized over secondary tasks (Liston et al. 2014).

30 Dual tasks paradigms, where subjects perform an additional task during guietstanding, are employed
31
320 quantify the extent to which attention is associated with postural control. Decreases in postural sway

33

34vhile performing a secondary task compared with control conditions have been reported (Andersson et al.
3@002; Pellecchia 2003) whereby focusing the attention on standing as still as possible increased postural
37

38way compared with conditions without similar instructions (Vuillerme and Nafati 2007). Altogether, these

39 .
4(f)esults suggest that postural control demands attention (Woollacott and Shumway-Cook 2002) and that

j%imultaneous cognitive loading plays an important role in balance stability (Swan et al. 2007).

43 Although detrimental effects of cognitive loading on postural sway during unperturbed standing are
44
4%nore commonly reported for older adults and patients, studies using dual-task approaches in young anéd

46
A Fontrel-subjects show controversial results (Huxhold et al. 2006; Fraizer and Mitra 2008). Young healthy
48
4Qubjects have probably more ability to allocate the attentional resources during-uprightstanding-without
50
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gacrificing postural stability, showing that a system without impairments prioritizes postural stability when

16ea|ing with dual-cognitive tasks (Siu and Woollacott 2007).

11
12

izontrols (Hirata et al. 2011). -AmengseveralA petentialpossible explanations for this finding; ene-hypethesis

Evidence-suggests—that-Ssubjects with pain demonstrate increased postural sway compared with

1@ that the increased postural sway may relate to a disrupting effect of nociceptive stimuli on attention to

18ther simultaneous non-nociceptive tasks (Eccleston et al. 1999), underlining that processing of nociceptive
18
1 Gtimuli is cognitively demanding (Veldhuijzen et al. 2006). Thus, the execution of cognitive tasks during pain

20
2 might interfere with postural control. Although previous studies have shown that patients with pain present
Zgnpaired balance while performing a secondary cognitive task in comparison to health subjects (Van Daele

24
2§t al. 2010; Lariviére et al. 2013; Mazaheri et al. 2014; Sherafat et al. 2014; Etemadi et al. 2016; Levinger et

ggl. 2016), it is not clear yet the isolate effect of pain in-these-cenditionsand-comparisens;-since in-chinical

ggam—pep&laﬁem,—beﬁides—pa&n,—emer—iae%—%reduced muscle strength, reduced flexibility and

3Qegenerative changes at the affected segment also cause both stiffness and instability in patients suffering
31

32rom chronic pain (Knoop et al. 2012). Therefore, further investigation of the interaction between pain,
33

34ognition and postural stability is warranted. This investigation is of particular interest for clinical practice
35
3@ince there are evidences that attention can be directed away from pain using some specific strategies (Van
3§yckeghem et al. 2018). If selective attention could be directed away from the painful stimulus and modify
3

he deleterious effect of muscle pain on postural control, these results could have important implications
4

j%or clinical settings. Likewise, if the execution of cognitive tasks impairs postural control in the presence of

4%ain, this should also be taken into account in rehabilitation context.

45 Considering that posture can be defined as the dynamic stability of a continuous moving body
46
4THarbourne and Stergiou 2003; Madeleine et al. 2011), nonlinear analysis of the dynamic structure of the

48

4@enter of pressure (CoP) time series would contribute to understand the physiological complexity of posture

g%y accessing motor patterns that would be implicit in the CoP variability. Sample entropy (SaEn) measures
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gariations in the system output along time;whi

9 : o :
16—99—9;—R+ehn=+an—a-nd—MeeFman—2—QQ@-).—._Therefore, measures of physiological complexity of the postural sway
1%uring quiet standing may relate to the system functionality as they are defined as the capacity of generating
1
i?idaptive answers to an ever-changing environment such as controlling posture (Manor et al. 2010). SaEn

15rovides a measure of “orderly structure” within the time series since it tests if there are any repeated

1 patterns of various lengths, including the ones that are not repeated at regular intervals (Duarte and Sternad
18
1Q008). So, the lower the SaEn values are, the higher the similarity and lesser the complexity in the temporal
20
2 geries is (Richman and Moorman 2000). SaEr-has-been-used-to-measure-the-structure-of-the CoP-variability

jons: —eComplexity depends on the number of structural

3Qomponents of the system, the existing coupling among these components and how this interaction is

31
3zhfluenced by the intrinsic dynamic properties of the system and the motor task demands (Vaillancourt and
33

3Alewell 2002). Thus, if the presence of pain and the execution of a cognitive task are both concurring with

35

3@he attentional resources used in postural control, then the coupling between the components of the system

37
38esponsible for balance may be affected and, consequently, the complexity of the postural sway is affected.

4 Execution of a concurrent cognitive task during standing increases the

j%omplexity of the postural sway, and this increase has been attributed to a more automatized postural sway,
43/hen less attention is directed to the balance control (Donker et al. 2007; Stins et al. 2009; Kuczynski et al.
44

45011). On the other hand, there is some evidence that the complexity of postural control decreases with

46
A Pain—Sgndergaard-etak{2010) found-a-decrease-Sakn-of CoP-displacement-during sitting with increased
48
4@erceived discomfort in healthy young subjects_(S¢ndergaard et al. 2010). Fhe-sameSimilar finding was

ggeported in young subjects with transient acute episode of low back pain during two continuous hours of
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gtanding, but without history of low back pain (Fewster et al. 2017), showing a relation between the
1 @gecurrence of pain and the decrease in CoP complexity. Therefore, examining the complexity of postural
i%way in a dual task context and the effect of experimental pain in this condition may improve the
iﬁnderstanding of the decrease in postural stability (Levinger et al. 2016) -and complexity (Fewster et al. 2017)
1%nat may exist as a result of pain in an otherwise healthy system.
17 The aim of this study was to quantify how postural stability; i—e-CeP-sway-[{CoP sway velocity and
18

1Qrea of displacement} and CeP—complexity (CoP SaEn)], is modified during experimental pain while
20

2 performing a cognitive task. It was hypothesized that (i) the kind of cognitive task (more or less demanding)
22

2:’;’1 a non-painful condition will not interfere with CoP sway or CoP complexity, since the system would have
2gnough cognitive resources to overcome it; (ii) experimental pain will increase CoP sway and decrease CoP

ggomplexity, regardless the type of cognitive task performed; (iii) the presence of experimental pain while

ggerforming a difficult cognitive task will overload the cognitive resources and impair postural stability,

3ereasing CoP sway and decreasing CoP complexity.

31

32. Methods

33

34.1. Subjects

35

36 Sixteen young adults, all university students, (to control for the effect of education level on

37
3gwultitasking performance (Voos et al. 2015)), participated in the experiment — 8 males (mean + SD: age =

3
4

j%l.o years; body mass = 68.8 + 5.2 kg; height = 1.68 + 0.06 m). The exclusion criteria were body mass index

36.9 + 2.8 years; body mass = 74.9 + 13.8 kg; height = 1.76 £ 0.08 m) and 8 females (mean + SD: age = 27.1

43bove 25 kg/m?, pregnancy, drug addiction, previous neurologic, musculoskeletal or mental illness, lack of

45bi|ity to cooperate, current use of medications (e.g. analgesics, anti-inflammatory medicine), consumption
46
4°pf alcohol, caffeine, nicotine or painkillers 8 hours prior to the data collection, recent history of acute pain
48
49ffecting the upperlower limb and/or trunk, past history of chronic pain conditions, participation in other

ggain trials throughout the study period. All procedures performed in studies involving human participants
52
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gerein accordance with the ethical standards of the institutional and/or national research committee and
ith the 1964 Helsinki declaration and its later amendments or comparable ethical standards. The study was
1¢
i%pproved by the local Ethics Committee (N-20120077). This sample size was calculated to detect a minimum
1§ifference of 40% in the CoP area assuming type error 1 as 5% and power of 80% between the conditions
15ef0re and after the induction of experimental pain. All participants gave signed informed consents prior to

1 Thclusion in the study.
18

19 ,
26.2. Experimental protocol

21
22

2%riginates from proprioceptive systems (Peterka 2003), we controlled the effect of different footwear on

Since in healthy individuals approximately 70% of the information used for controlling posture

2gostural control by asking the subjects to stand barefoot during the experiment. -The participants stood on

24 triangular force plate that measures vertical forces (Good Balance System, Metitur, Jyvaskla, Finland;
28

2%@imensions: equilateral triangle — 800-mm; sampling frequency: 50-Hz as suggested by the International

30
3pociety for Posture and Gait Research Standardization Committee (Scoppa et al. 2013)). This is a valid and

3§eliab|e system for postural sway measurements (Era et al. 2006; Ha et al. 2014) with accuracy better than
gg-mm for the CoP position measurement (Good Balance System User Manual). The CoP position was
ggalculated via the Good Balance Software (Metitur, Jyvaskla, Finland) which uses the weighted arithmetic
3%ﬁean between the vertical force measured by four sensors and their corresponding position: one in each

4Qorner of the force-plate and the last one in the centroid of the force-plate (Fig. 1). The rational for using the
41
42andem position for the feet was based in previous studies showing that greater pain effects are presented
43
4Avhen posture is challenged (Hirata et al. 2013). This was important to ensure that postural stability

45

4@daptations due to pain could be observed.- Therefore, subjects were asked to stand in tandem position, to

7
4§1crease postural challenge during the tasks, with the right leg behind (Fig. 1), arms hanging relaxed
g%longside the body, and were instructed to maintain balance while looking forward. Tape markers were

g%laced on the force plate to ensure that the same foot position was maintained through all conditions. During
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ghe assessment of postural control, subjects were instructed to look forward at a target positioned at eye-
1dfvel approximately 45-cm from the subjects to minimize the influence of the target distance on postural
iéway (Kapoula and Lé 2006). CoP records were made under eight experimental conditions, depending on the
1zype of injection (control or painful), the dual-task (counting forward or counting backward as the less and
1%00re challenging tasks, respectively), before (pre-injection) and immediately after the injection. The
1"ounting forward task consisted of adding one and the counting backward was performed by subtracting
18
1 %hree, beginning from a random number. The total number of answers and the number of correct answers
20

uring each trial were recorded. The order of the injections and the order of the tasks were randomized,

2
Zg/ith the same number of subjects receiving the hypertonic or isotonic injections first.
24 . - A .
25 The experiment always followed the same order for all participants: (i) CoP measurement while
ggerforming the first randomly assigned task (cognitive task 1 or 2) over 60-s (pre-injection 1); (ii) 1-min rest;
ggii) CoP measurement over 60-s while performing the second randomly assigned task (cognitive task 1 or 2)
3Qver 60-s (pre-injection 2); (iv) injections of the first saline solution (painful or control) into vastus medialis
31
32VM) and vastus lateralis (VL) muscles; (v) assessment of pain intensity by visual analogue scale (VAS); (vi)

33

3 40P measurement over 60-s while performing task A; (vii) collecting VAS scores of the pain intensity and 1-
ggwin rest; (viii) CoP measurement over 60-s while performing task B; (ix) collecting VAS scores of the pain
ggptensity. After the final step, the pain VAS scores were taken each minute until the pain had subsided which
Zg\/as followed by a 5-min break. Following the break, all steps of the experiment were performed again with

j%he injection of the other saline solution, including new pre-injection CoP recordings. Before each CoP

4%1easurement, all subjects confirmed that no tiredness or other problems were presented. The duration of

4%he CoP measurements were performed according to guidelines proposed by the International Society for
46

4’Posture and Gait Research (Scoppa et al. 2013). Fig. 2 summarizes the study procedures along time.

48

49.3.  Experimental muscle pain

gg Before the experiment all subjects were instructed about the nature and effects of the injections,
52
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@nd that one type of injection would be painful while the other would be a non-painful stimulus, although
léhey would not know which kind of injection they would be receiving. Pain was induced through

1£1tramuscular injection of 1-mL of 6% sterile hypertonic saline solution or as a control condition 1-mL of

iisotonic (0.9%) saline solution (Graven-Nielsen et al. 1997; Farina 2003; Schulte et al. 2004; Falla et al. 2006).
15he injections were performed with a 2-mL syringe with a disposable needle (27G, 40-mm) into right VM
16

1'Auscle and right VL muscle. Both injections locations were marked to ensure that they were applied
18
1Qpproximately in the same location. The VM muscle injection was performed 5-cm proximal and 5-cm medial

20

2 1o the medial corner of the patella (Shiozawa et al. 2013), and in the VL muscle, injections were performed
22
2@ttwo thirds of the distance from the anterior spina iliaca to the lateral side of the patella (Fig. 3). The depth

24
ng the injection was determined by an ultrasound scanner (LOGIQ™ S7, General Electric, USA). This pain

2
2

ggroviding moderate pain intensities for approximately five minutes (Hirata et al. 2011). Hypertonic saline

g'\odel has been successfully used previously to mimic knee-related pain during quiet standing tasks

3Qﬂections have been shown to activate nociceptors around the injected site (Mense 1993) whereas the 0.9%

31
33otonic saline injections have induced little or no pain during postural control tasks similar to the one used

33

34h the present study (Hirata et al. 2010, 2011, 2013).

35

364  Assessment of pain intensity

37 : U

38 The subjects were asked to rate the pain intensity using a 10-cm VAS from 0-cm to 10-cm (0-cm

39 . . o . T

461eans “no pain” and 10-cm means “maximum pain”) immediately after the injections and after each balance
j%‘neasurement. Therefore, three VAS scores were obtained for each set of experiments (balance
43 easurements after isotonic injection and balance measurements after hypertonic injection, respectively;

45ig. 2), and the mean values of the three VAS scores were considered as the pain intensity after each injection
46
4 paradigm. Additionally, following each set of experiments subjects were asked to indicate the overall pain
48
4Q@reas during the trials on a body chart and to respond the McGill Pain Questionnaire (Melzack 1975). The

g%rea of pain was extracted from the body charts with VistaMetrix 1.38 software. The pain rating index based
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@n the rank values of the words chosen within each category (sensory, affective, evaluative and
l@ﬂscellaneous) from McGill Pain Questionnaire were obtained and the score for each category, as well as
i%he total pain rating index were determined as the sum of the ranked values of the words (Melzack 1975).
12.5. Data analysis
15 All variables for postural sway were calculated based on 50-s of the standing tasks, with the first and

16
1 Tast 5-s from the original 60-s time series being excluded. The analyses were performed with Matlab R2016a
18
19oftware (Mathworks, Massachusetts, USA). The area fitted to 95% confidence interval of the CoP
20

2 flisplacement was calculated as representative of the total CoP area displacement (95% confidence interval
Zgllipse), along with the CoP velocity in both directions (anterior-posterior and medial-lateral). The structural
24 . o

2garlablllty of the CoP was calculated by means of SaEn with the embedding dimension (m) and the tolerance
ggistance (r) set to m=2 and r=0.2xSD (Vaillancourt and Newell 2000). All CoP variables are displayed as the
ggifference between the values obtained immediately after the injection and the correspondent pre-injection
3Qondition. Negative values show that the CoP variable decreased after the injection of the saline solution
31

32ompared to its respective pre-injection condition. Likewise, positive values show that the CoP variable

33

3dhcreased after the injection compared to its respective pre-injection condition.

35

3@.6.  Statistical analysis

37 . N - o .
38 Pain outcomes were compared between injection types (isotonic or hypertonic injections) with

39 . o . . )
Galred T-tests when normal distribution was present (VAS scores and pain area data) and with the Wilcoxon

4

j%igned Rank Test when the data distribution was non-normal (McGill scores). The task measures (number of

4%nswers, number of correct answers) were evaluated with a 3-way RM-ANOVA with injection (isotonic vs

4%ypertonic), time (pre-injection vs after injection) and task (counting forward vs backwards) as main factors.
46
AThe CoP parameters were compared with a 2-Way RM-ANOVA with task and injection as main factors, and

48

49he p-values are shown in the table 3. Bonferroni post-hoc correction for multiple comparisons was applied

5fnd p-values are shown in the results texts. The alfa-value (o) for statistical significance was set to 0.05.
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Results
31— Experimentalmuscle pain-and-cognitive task performance <
1,].'7‘.1 Area and amplitude of perceived pain' -
12
ii Fig. 4 shows the reported pain areas following both isotonic and hypertonic injections. Pain was
1§resent in the anterior and lateral portions of the thigh after both isotonic and hypertonic injections, being

1'fnore concentrated in the lower half of the thigh after the isotonic injections. The hypertonic saline injections
18
1®duced higher pain area (mean area t SD: isotonic = 518.6 + 690.6 au; hypertonic = 1659.3 + 1574.0 au;
20
2P=0.003) and higher VAS scores (mean score * SD: isotonic = 0.9 + 1.1 cm; hypertonic = 4.7 + 1.7 cm; P<0.001)

22
Zghan isotonic saline injections. Table 1 shows the scores for each class of words from McGill Pain

2guestionnaire and the pain rating index. Subjects presented a higher total pain rating index and scored

2gigher in all the categories, with the exception of the affective class, after the hypertonic injections (P<0.05).

gg.z Cognitive task performance «

3Q.—Z.*Only for the analysis of the cognitive task performance, one subject was not included due to problems=«

31
32h the answers recording. The total number of answers and the number of correct answers decreased during
33

3dackwards counting conditions compared with forwards counting despite the injection effect (significant
35

3@ain effect for task factor; Table 2).

37

38

39
3 3.3 Center of pressure «
2G> 23 Centerofp

41
42
ji There were no statistical differences between the different conditions for the factor injection on any
4%f the CoP variables (Table 3).

46

a7 Effect of cognitive task in CoP variables
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A main effect of task was found for the CoP AP-velocity (F=5.82; P=0.028), showing that there was an

©CO~NOOOTA~AWNPE

1d1creased AP-velocity during the counting backwards task compared to the counting forwards task,

i%egardless the type of injection (Table 3).

ii Effect of the interaction between experimental pain and cognitive task in CoP variables
15 An interaction effect was found between injection and task factors for CoP total area and CoP ML-
16

17elocity (CoP total F=7.78, P=0.049; CoP ML F=4.69, P=0.021) (Table 3). Post-hoc comparisons showed that
18
19oth variables decreased after the hypertonic injection in comparison to the condition with isotonic injection

20
2 when subjects where counting forward (Bonferroni: P = 0.010 for total area; P = 0.015 for ML-velocity). After

22

Zghe hypertonic injection, CoP total area increased when subjects were counting backwards in comparison to
24 . . . .

2E\;vhen they were counting forwards (Bonferroni: P = 0.019). ML-velocity showed differences between the

23ifferent cognitive tasks also after the injection of hypertonic solution, with a smaller decrease of ML-velocity

ggvhile counting backwards (Bonferroni: P = 0.049).

3Q, Discussion

31

32 The present study aimed at quantifying how postural stability, represented by CoP sway (velocity and
33

34rea of displacement) and CoP complexity (CoP SaEn), is modified during experimental pain while performing
35

3@ cognitive task. The main results showed that the kind of cognitive task did not interfere with postural

37

38tabi|ity in the absence of pain. Experimental pain around the knee joint reduced CoP sway but did not affect
4%OP complexity during the performance of an easier cognitive task. During experimentally induced pain, the
j%erformance of a difficult cognitive task increased CoP sway but did not change CoP complexity.

4$ain intensity and counting performance

45 The subjects showed higher pain intensity for the hypertonic saline injection and a larger pain area
46
4’ fompared with the isotonic saline injection, as expected, indicating that experimental pain occurred (Hirata

48
4@t al. 2011). The McGill pain questionnaire indicated that hypertonic saline was perceived more impairing
50
51
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ghan the isotonic injection in all subscales except for the affective one. It is important to note that during

lc')sotonic injections subjects rated pain around 1/10, which cannot be classified as a totally pain free condition.

11
12

iiﬁlwe subject (Lemaire 1996), impairing motor output performance when executed simultaneously with a

Counting performance requires the use of cognitive process which relies on the working memory of

18notor task (Vuillerme and Nafati 2007). Seminowicz and Davis (2007) showed that subjects are able to
16

1 #aintain performance of difficult cognitive task while experiencing different levels of pain. In this study, the
18
19Dainful condition did not affect the counting performance while performing a motor task (standing still)

20

2{ndicating that healthy subjects are able to engage multiple tasks (motor and cognitive) during pain without

22

Zgompromising performance. This suggests that sufficient cognitive resources were available to manage the
Zgognitive process of counting forwards or backwards despite the interpretation of painful stimuli and the
ggostural control task (Eccleston et al. 1999). Finally, education level is associate with both motor and
ggerceptual performance, where higher education level is associated with better performance (Voos et al.

3QOlS). -Since our subjects were all university students, we believe that bias due to education level did not
31

3Affect the present results.

33

34ffect of cognitive tasks on postural stability

35

36 Our first initial hypothesis, that (i) the kind of cognitive task (more or less demanding) in a non-painful

3gondition would not interfere with CoP sway or CoP complexity, was confirmed. The factor task affected the

%OP anterior-posterior velocity, indicating an increased velocity during the execution of the more difficult

4
j%ask (counting backwards) in comparison to the easier task (counting backwardsforward). Nevertheless, the

430P Sakn was not affected by the kind of the performed cognitive task. These results indicate that enough
44

45ognitive resources were available to overcome the demands of both cognitive and postural tasks, which
46

4 Was expected since they were young individuals without any sensory-motor alterations.
48

A%Gffect of experimental knee-related pain on postural stability
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Our second initial hypothesis, that (ii) experimental pain would increase CoP sway and decrease CoP

©CO~NOOOTA~AWNPE

léomplexity was not confirmed since the type of saline solution injected did not affect the CoP variables.
1%{owever, even though the factor injection did not show statistical differences between the different
1

izonditions for any of the studied CoP variables, there was a difference between total area and ML-velocity
15etween the control and the painful condition when the subjects were counting forwards, i.e., in conditions

1lhere the kind of cognitive task performed was the same. Interestingly, during the counting forward, the
18
19ype of injection resulted significant changes in postural sway (total area and ML-velocity) in opposite

20

2 flirections: positive values of the difference between pre-injection and after injection of the isotonic solution,
hereas after the injection of the hypertonic solution both variables showed negative values. Additionally,

2¥

2§0 significant changes were observed in the structural variability of the CoP signal. This is contrary to the

gg}ﬂtial hypothesis, where an increase in postural sway and a decrease in structural variability during painful

ggonditions were expected. It is also in contrast with previous findings (Mazaheri et al. 2013) but may relate

3@ the different position of the feet used in this study, which affects the postural sway (Day et al. 1993). The
31

32andem feet position adopted allows less displacement of the CoP due to the limited base of support
33

34ompared to side-by-side feet position, since if the subjects increase the CoP amplitude they may fall (Day

3@tal 1993). This also may reflect a voluntary strategy, requiring a greater amount of cognitive resources and

37

38ttention (Morasso and Sanguineti 2002), attempting to avoid large excursions of the body and consequent
ss of balance. For the current study, this might indicate that the subjects prioritized the balance task over

4

j%he other tasks, also known as posture first strategy (Vuillerme and Nafati 2007). The subjects were able to

43cduce the postural sway without compromising the counting performance during the easy cognitive task,

45uggesting that the available cognitive resource was sufficient to perform the less challenging cognitive task
46
A Without compromising postural stability. Therefore, these results indicate that healthy subjects have the
48
4®apacity to perform easy cognitive tasks while ensuring postural stability (Siu and Woollacott 2007).

g%educing postural sway might reflect a motor strategy available for healthy subjects to avoid excessive
52
53
54
55
56
57
58
59
60
61
62
63
64
65



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

16

~N~NoOo o~ WNER

granslation of the body, which could lead to balance loss (Winter 1995). This strategy was also observed

l,during the control injection while counting backwards, probably indicating that a high cognitive load seems
\v)

}o be interpreted as a treat to postural stability. An alternative explanation for the contrast between the

12
1§resent study and the previous studies with pain patients showing larger postural sway (Schulte et al. 2004;

15evinger et al. 2016) might be the pain model used that is not a complete proxy to the impaired pain patients’
16

1%ensory-motor system.

18

1 Dteractions between pain and cognitive load on postural stability

20

21 Our initial third hypothesis, that (iii) the presence of experimental pain would increase CoP sway and
22

2§ecrease CoP complexity only when performing a difficult cognitive task was partially confirmed since CoP
24

2£a;way increased during pain under a difficult cognitive task, but the CoP complexity did not change. ANOVA
2J6}esu|ts showed an interaction between the task and injection factors for total area and ML-velocity. After
2

gghe hypertonic injection CoP total area increased and CoP ML-velocity decreased less while counting

3@ackwards in comparison to counting forwards condition, corroborating our hypothesis. ANOVA results also

31
32howed an effect of the task factor on AP-velocity with post-hoc comparisons showing a difference only
33
34luring the hypertonic injection condition: while counting backwards AP-velocity also increased. Altogether
35

3@hese results show that CoP sway increases when performing a more demanding cognitive task in the

37

3gresence of experimental pain. This might reflect an interference with the information-processing capacity

39 . ) . )
dnd an attention disruption from both postural control and cognitive task (Eccleston et al. 1999). Previous

4

j%tudies suggest that disruptions of sensory information lead to worsening of proprioception in the affected

43rea (Matre et al. 2002), further impairing postural sway (Hirata et al. 2010, 2011). The results indicate that

44

4%he posture first strategy (Vuillerme and Nafati 2007) found during the easy cognitive task during pain is no
46
4Tonger feasible when a difficult cognitive task is performed during painful conditions. The increased cognitive
48

49%pad in painful conditions seems to impair the motor performance maybe due to insufficient cognitive

ggesource to simultaneously maintain postural stability (which requires significant amount of attention
52
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@Morasso and Sanguineti 2002)) and execute a difficult cognitive task. These results might have important
1098w implications in understanding the mechanisms related to fall accidents. Postural stability in daily life
iﬁctivities is usually performed in combination with additional tasks, for example, walking in a busy slippery
igidewalk. These daily life activities involves simultaneously competition for the cognitive resources available
1$\Noollacott and Shumway-Cook 2002) to evaluate the environment constrains in order to promote the best
1 'Aotor strategy (Winter 1995). Our present results indicate that, if the subject performs a challenging
18

19ostural task in pain, his/her capacity for maintain balance while exposed to a difficult cognitive task is

20

2 puboptimal, which could increase the likelihood of losing balance.

22

23 The complexity of postural sway did not show any differences between the experimental conditions.
24 ) ) o .

21.')l'h|s result is contrary to the literature finding that young healthy subjects present a more regular and less
ggutomatic postural sway (decreased CoP SaEn) when the motor task is more difficult (e. g. standing with eyes
gglosed) and more irregular postural sway and more automatic postural sway (increased CoP Sakn) when a
3Qognitive task is added (Donker et al. 2007; Stins et al. 2009). The fact that the cognitive task did not interfere
31

34vith CoP complexity may be due to the nature of both motor (standing in tandem position) and cognitive

33

ubtraction calculus) tasks used in the experimental setup that did not interfere wi e automaticity o
34subtracti Iculus) task dinth imental setup that did not interf ith the automaticity of
35

3@ostural control. Besides that, pain also did not affect CoP complexity, showing that experimental knee-
37 o . . .
38elated pain did not compromise the coupling between the components of the system responsible for

4 alance in the current experimental setup. Future studies should investigate the interaction between pain,

j%ognition and on CoP complexity with different motor and cognitive demands, in addition to different

4%opulations.

44

45 Despite interesting results regarding the effects of cognitive tasks in postural control during pain, the
46

47elevance of the findings for clinical populations should be interpreted with care. The experimental pain

48

49odel used here is convenient to assess the effect of pain without the interference of potential structural

5" pathologies. However, extrapolating the current findings to an older population can only be done to some
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gegree. Additionally, chronic pain patients may also suffer from depressive symptoms (Bair et al. 2003) or
1aniety (McWilliams et al. 2003), which might increase cognitive load (Nebes et al. 2001). Furthermore,
iﬁognitive impairments are often found in chronic pain patients, decreasing the possibility to maintain
1§erf0rmance of two or more concurrent tasks (Brauer et al. 2004), as opposed to what was observed in this
1§tudy where young healthy subjects were recruited. Also, there was no recording of postural sway without
1&ny cognitive task. This would have allowed comparisons with a condition where neither pain nor cognitive
18
1 @asks were influencing postural sway, and could have reduced type 2 errors given that multiple CoP variables
20

ere analyzed in the study. Thus, it can be considered a limitation to our interpretations.

2w
22
23 Conclusions
24

25 Pain and cognitive task interfered on postural stability, changing its patterns. During the performance

ggf a simple cognitive task, pain; reduced postural sway, while during the performance of a more demanding

ggognitive task, postural sway was increased in young healthy subjects. Since our subjects were young healthy

3Qub]ects, the direct translation of the present results to patients suffering from pain should be done with
31
32aution. However, Fthese results may suggest that rehabilitation approaches should take into account that
33

34pain not only affects directly the motor system, but may occupy cognitive resources, potentially resulting in

35

3@oorer performance when performing rehabilitation exercises. Additionally, rehabilitation strategies using

37
3§oth motor and cognitive resources need further investigation to outline the effect of interaction between

39 . - ) o I, )
463|n and cognition on the performance during activities of daily life in patients.

41
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10

1 ig 1 Schematic drawing representing the force platform size, sensor locations, and the tandem position of

iiﬁlwe subjects during the experiment

15

16

1'¢ig 2 study design overview: pain assessments were performed immediately after each injection and each
18

1Balance measurement; the order of the saline injections was randomized in a balanced way

20

21

22

2:§ig 3 Injections sites for vastus lateralis muscle, performed at two thirds of the distance from the anterior
2Eé;pina iliaca (a) to the lateral side of the patella (b); and for the vastus medialis muscle, performed 5 cm

ggroximal and 5 cm medial to the medial corner of the patella (c),

28
29

3@ig 4 Representation of the experimental pain distribution reported areas after isotonic (top, blue in the

33nline version) and hypertonic (bottom, red in the online version saline injections (A); the individual
33
3distributions are superimposed in the anatomical drawings
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dbstract
lé’urpose: To quantify how postural stability is modified during experimental pain while performing different
i%ognitively demanding tasks.
iiﬂethods: Sixteen healthy young adults participated in the experiment. Pain was induced by intramuscular
151jection of hypertonic saline solution (ImL, 6%) in both vastus medialis and vastus lateralis muscles (0.9%

1 7sotonic saline was used as control). The participants stood barefoot in tandem position for one minute on a
18
1 Qorce plate. Center of pressure (CoP) was recorded before and immediately after injections, while performing

20

2fwo cognitive tasks: (i) counting forwards by adding one; (ii) counting backwards by subtracting three. CoP
Zgariables — total area of displacement, velocity in anterior-posterior (AP-velocity) and medial-lateral (ML-
24 . A . . i
2gelouty) directions, and CoP sample entropy in anterior-posterior and medial-lateral directions were

3isp|ayed as the difference between the values obtained after and before each injection and compared
2%etween tasks and injections.

3@esults: CoP total area (-84.5 + 145.5 vs. 28.9 + 78.5 cm?) and ML-velocity (-1.71 + 2.61 vs. 0.98 + 1.93 cm/s)
31
3decreased after the painful injection vs. Control injection while counting forward (P < 0.05). CoP total area
33
3412.8 + 53.9 vs. -84.5 + 145.5 cm?), ML-velocity (-0.34 + 1.92 vs. -1.71 + 2.61 cm/s) and AP-velocity (1.07 +

35

36-35 vs. -0.39 + 1.82 cm/s) increased while counting backwards vs. forwards after the painful injection (P <
37

3§.05).

4 onclusion: Pain interfered with postural stability according to the type of cognitive task performed,

j%uggesting that pain may occupy cognitive resources, potentially resulting in poorer balance performance.

43
44
45eywords: postural stability, center of pressure, attention, distraction, pain
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Introduction

10 Controlling of upright posture requires a significant amount of attention to gather information from
i%he body and the environment and to generate adapted and accurate muscle activation for postural control
iil\llorasso and Sanguineti 2002). Although the majority of postural control is regulated via automatic neural
1§rocesses (Bronstein and Buckwell 1997), higher cortical centers are significantly involved in processing
1€ensory information to plan and execute the best motor strategy for postural control (Winter 1995). In daily
18

19fe, postural control is challenging as several tasks simultaneously compete for the cognitive resources
20

2 pvailable (Woollacott and Shumway-Cook 2002), limited by the capacity of higher centers to process sensory
Zgﬁformation (Kahneman 1973). Therefore, sharing attentional resources may cause impairments in the
2gerformance of daily living activities (Brauer et al. 2004). For example, competition for cognitive resources

guring tasks involving postural stability results in body stability being prioritized over secondary tasks (Liston

28t 41, 2014).
29

30 Dual tasks paradigms, where subjects perform an additional task during standing, are employed to
31
34uantify the extent to which attention is associated with postural control. Decreases in postural sway while

33

3performing a secondary task compared with control conditions have been reported (Andersson et al. 2002;
35
3@ellecchia 2003) whereby focusing the attention on standing as still as possible increased postural sway
37

3gompared with conditions without similar instructions (Vuillerme and Nafati 2007). Altogether, these results
39 .
46uggest that postural control demands attention (Woollacott and Shumway-Cook 2002) and that

j%imultaneous cognitive loading plays an important role in balance stability (Swan et al. 2007).

43 Although detrimental effects of cognitive loading on postural sway during unperturbed standing are
44
4%nore commonly reported for older adults and patients, studies using dual-task approaches in young subjects

46
47Ehow controversial results (Huxhold et al. 2006; Fraizer and Mitra 2008). Young healthy subjects have
48
4@robably more ability to allocate the attentional resources without sacrificing postural stability, showing that
50
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@ system without impairments prioritizes postural stability when dealing with dual-cognitive tasks (Siu and

9
ldVooIIacott 2007).

11
12

i} possible explanation for this finding is that the increased postural sway may relate to a disrupting effect of

Subjects with pain demonstrate increased postural sway compared with controls (Hirata et al. 2011).

1§ociceptive stimuli on attention to other simultaneous non-nociceptive tasks (Eccleston et al. 1999),

1'Gnderlining that processing of nociceptive stimuli is cognitively demanding (Veldhuijzen et al. 2006). Thus,
18
1 ®he execution of cognitive tasks during pain might interfere with postural control. Although previous studies

20

2tave shown that patients with pain present impaired balance while performing a secondary cognitive task

22
2:’;’1 comparison to health subjects (Van Daele et al. 2010; Lariviere et al. 2013; Mazaheri et al. 2014; Sherafat

24

2§t al. 2014; Etemadi et al. 2016; Levinger et al. 2016), it is not clear yet the isolate effect of pain since reduced
ggwuscle strength, reduced flexibility and degenerative changes at the affected segment also cause both
ggtiffness and instability in patients suffering from chronic pain (Knoop et al. 2012). Therefore, further
3Qwestigation of the interaction between pain, cognition and postural stability is warranted. This investigation
31

3 of particular interest for clinical practice since there are evidences that attention can be directed away

33

34rom pain using some specific strategies (Van Ryckeghem et al. 2018). If selective attention could be directed
35
3@way from the painful stimulus and modify the deleterious effect of muscle pain on postural control, these

37
38esu|ts could have important implications for clinical settings. Likewise, if the execution of cognitive tasks

4gmpalrs postural control in the presence of pain, this should also be taken into account in rehabilitation

4':!':ontext.

42

43 Considering that posture can be defined as the dynamic stability of a continuous moving body
44

4%arbourne and Stergiou 2003; Madeleine et al. 2011), nonlinear analysis of the dynamic structure of the

46
4 fenter of pressure (CoP) time series would contribute to understand the physiological complexity of posture
48

4%y accessing motor patterns that would be implicit in the CoP variability. Sample entropy (SaEn) measures

g(j){ariations in the system output along time. Therefore, measures of physiological complexity of the postural
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gway during quiet standing may relate to the system functionality as they are defined as the capacity of
l@enerating adaptive answers to an ever-changing environment such as controlling posture (Manor et al.
13010). SaEn provides a measure of “orderly structure” within the time series since it tests if there are any
iiepeated patterns of various lengths, including the ones that are not repeated at regular intervals (Duarte
ignd Sternad 2008). So, the lower the SaEn values are, the higher the similarity and lesser the complexity in

1the temporal series is (Richman and Moorman 2000).

18
19 Complexity depends on the number of structural components of the system, the existing coupling
20
2pmong these components and how this interaction is influenced by the intrinsic dynamic properties of the
22

2gystem and the motor task demands (Vaillancourt and Newell 2002). Thus, if the presence of pain and the
2gxecution of a cognitive task are both concurring with the attentional resources used in postural control,

%en the coupling between the components of the system responsible for balance may be affected and,
25gonsequently, the complexity of the postural sway is affected. Execution of a concurrent cognitive task

3Quring standing increases the complexity of the postural sway, and this increase has been attributed to a
31
32hore automatized postural sway, when less attention is directed to the balance control (Donker et al. 2007;

33
34tins et al. 2009; Kuczynski et al. 2011). On the other hand, there is some evidence that the complexity of

35

3@ostural control decreases with pain during sitting with increased perceived discomfort in healthy young
37

38ubjects (Sgndergaard et al. 2010). Similar finding was reported in young subjects with transient acute
39 . ) i ) ) . . .
46p|sode of low back pain during two continuous hours of standing, but without history of low back pain
j%Fewster etal. 2017), showing arelation between the occurrence of pain and the decrease in CoP complexity.
43herefore, examining the complexity of postural sway in a dual task context and the effect of experimental

45ain in this condition may improve the understanding of the decrease in postural stability (Levinger et al.
46
4772016) and complexity (Fewster et al. 2017) that may exist as a result of pain in an otherwise healthy system.
48

49 The aim of this study was to quantify how postural stability [CoP sway velocity and area of

g%isplacement and complexity (CoP SaEn)], is modified during experimental pain while performing a cognitive
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gask. It was hypothesized that (i) the kind of cognitive task (more or less demanding) in a non-painful
ondition will not interfere with CoP sway or CoP complexity, since the system would have enough cognitive
16
1éesources to overcome it; (ii) experimental pain will increase CoP sway and decrease CoP complexity,
1
iiegardless the type of cognitive task performed; (iii) the presence of experimental pain while performing a
1ifficult cognitive task will overload the cognitive resources and impair postural stability, increasing CoP sway

1'4nd decreasing CoP complexity.

18

19. Methods

20

2%2.1.  Subjects

22

23 Sixteen young adults, all university students, (to control for the effect of education level on

24

2gﬁultitasking performance (Voos et al. 2015)), participated in the experiment — 8 males (mean % SD: age =
526.9 + 2.8 years; body mass = 74.9 + 13.8 kg; height = 1.76 £ 0.08 m) and 8 females (mean + SD: age =27.1%
gg.o years; body mass = 68.8 + 5.2 kg; height = 1.68 £ 0.06 m). The exclusion criteria were body mass index

3Qbove 25 kg/m?, pregnancy, drug addiction, previous neurologic, musculoskeletal or mental illness, lack of

31
3Ability to cooperate, current use of medications (e.g. analgesics, anti-inflammatory medicine), consumption
33

34f alcohol, caffeine, nicotine or painkillers 8 hours prior to the data collection, recent history of acute pain

35

ecting the lower limb and/or trunk, past history of chronic pain conditions, participation in other pain
3@ffecting the | limb and/or trunk t hist f chroni i diti ticipation in oth i
37

3éria|s throughout the study period. All procedures performed in studies involving human participants were
431 accordance with the ethical standards of the institutional and/or national research committee and with
j%he 1964 Helsinki declaration and its later amendments or comparable ethical standards. The study was
4%pproved by the local Ethics Committee (N-20120077). This sample size was calculated to detect a minimum
44

4Qifference of 40% in the CoP area assuming type error 1 as 5% and power of 80% between the conditions
46

4Before and after the induction of experimental pain. All participants gave signed informed consents prior to
48

4dnclusion in the study.

50
géz.z. Experimental protocol
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Since in healthy individuals approximately 70% of the information used for controlling posture

©CO~NOOOTA~AWNPE

16riginates from proprioceptive systems (Peterka 2003), we controlled the effect of different footwear on
ifostural control by asking the subjects to stand barefoot during the experiment. The participants stood on
ii%i triangular force plate that measures vertical forces (Good Balance System, Metitur, Jyvaskla, Finland;
1§imensions: equilateral triangle — 800-mm; sampling frequency: 50-Hz as suggested by the International

18ociety for Posture and Gait Research Standardization Committee (Scoppa et al. 2013)). This is a valid and
18
1 Qeliable system for postural sway measurements (Era et al. 2006; Ha et al. 2014) with accuracy better than

20

24-mm for the CoP position measurement (Good Balance System User Manual). The CoP position was
Zgalculated via the Good Balance Software (Metitur, Jyvaskla, Finland) which uses the weighted arithmetic
Zgwean between the vertical force measured by four sensors and their corresponding position: one in each
ggorner of the force-plate and the last one in the centroid of the force-plate (Fig. 1). The rational for using the
ggandem position for the feet was based in previous studies showing that greater pain effects are presented

3@hen posture is challenged (Hirata et al. 2013). This was important to ensure that postural stability
31

32Adaptations due to pain could be observed. Therefore, subjects were asked to stand in tandem position, to
33
3dncrease postural challenge during the tasks, with the right leg behind (Fig. 1), arms hanging relaxed

35

longside the body, and were instructed to maintain balance while looking forward. Tape markers were
36
37 . . iy .
3§Iaced on the force plate to ensure that the same foot position was maintained through all conditions. During
3 . . i,

he assessment of postural control, subjects were instructed to look forward at a target positioned at eye-
4
4':I'evel approximately 45-cm from the subjects to minimize the influence of the target distance on postural
42
43way (Kapoula and Lé 2006). CoP records were made under eight experimental conditions, depending on the
44

4%ype of injection (control or painful), the dual-task (counting forward or counting backward as the less and
46
47 fore challenging tasks, respectively), before (pre-injection) and immediately after the injection. The
48

49ounting forward task consisted of adding one and the counting backward was performed by subtracting

gghree, beginning from a random number. The total number of answers and the number of correct answers
52
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guring each trial were recorded. The order of the injections and the order of the tasks were randomized,

]ﬁvith the same number of subjects receiving the hypertonic or isotonic injections first.

11
12

iierforming the first randomly assigned task (cognitive task 1 or 2) over 60-s (pre-injection 1); (ii) 1-min rest;

The experiment always followed the same order for all participants: (i) CoP measurement while

1%ii) CoP measurement over 60-s while performing the second randomly assigned task (cognitive task 1 or 2)

1'8ver 60-s (pre-injection 2); (iv) injections of the first saline solution (painful or control) into vastus medialis
18
19vVM) and vastus lateralis (VL) muscles; (v) assessment of pain intensity by visual analogue scale (VAS); (vi)

20
2 £oP measurement over 60-s while performing task A; (vii) collecting VAS scores of the pain intensity and 1-
23’“” rest; (viii) CoP measurement over 60-s while performing task B; (ix) collecting VAS scores of the pain
24
2£_i;*]tensity. After the final step, the pain VAS scores were taken each minute until the pain had subsided which
ggvas followed by a 5-min break. Following the break, all steps of the experiment were performed again with
gghe injection of the other saline solution, including new pre-injection CoP recordings. Before each CoP
3Qneasurement, all subjects confirmed that no tiredness or other problems were presented. The duration of
31

32he CoP measurements were performed according to guidelines proposed by the International Society for

33

3ARosture and Gait Research (Scoppa et al. 2013). Fig. 2 summarizes the study procedures along time.

35

3@-3-  Experimental muscle pain

37 . . . N

38 Before the experiment all subjects were instructed about the nature and effects of the injections,

39 N ) . . .

4dnd that one type of injection would be painful while the other would be a non-painful stimulus, although
j%hey would not know which kind of injection they would be receiving. Pain was induced through
A3 tramuscular injection of 1-mL of 6% sterile hypertonic saline solution or as a control condition 1-mL of

4%0tonic (0.9%) saline solution (Graven-Nielsen et al. 1997; Farina 2003; Schulte et al. 2004; Falla et al. 2006).
46
4The injections were performed with a 2-mL syringe with a disposable needle (27G, 40-mm) into right VM
48

4uscle and right VL muscle. Both injections locations were marked to ensure that they were applied

g%pproximately in the same location. The VM muscle injection was performed 5-cm proximal and 5-cm medial
52
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@o the medial corner of the patella (Shiozawa et al. 2013), and in the VL muscle, injections were performed
l@t two thirds of the distance from the anterior spina iliaca to the lateral side of the patella (Fig. 3). The depth
1%1‘ the injection was determined by an ultrasound scanner (LOGIQ™ S7, General Electric, USA). This pain
1
iinodel has been successfully used previously to mimic knee-related pain during quiet standing tasks
1§roviding moderate pain intensities for approximately five minutes (Hirata et al. 2011). Hypertonic saline
1 Thjections have been shown to activate nociceptors around the injected site (Mense 1993) whereas the 0.9%

18

1 Botonic saline injections have induced little or no pain during postural control tasks similar to the one used

20
21n the present study (Hirata et al. 2010, 2011, 2013).

22

2@.4. Assessment of pain intensity

24 ) . ) )

25 The subjects were asked to rate the pain intensity using a 10-cm VAS from 0-cm to 10-cm (0-cm

23’\eans “no pain” and 10-cm means “maximum pain”) immediately after the injections and after each balance
2
2$neasurement. Therefore, three VAS scores were obtained for each set of experiments (balance

3Gheasurements after isotonic injection and balance measurements after hypertonic injection, respectively;
31
32ig. 2), and the mean values of the three VAS scores were considered as the pain intensity after each injection

33

34paradigm. Additionally, following each set of experiments subjects were asked to indicate the overall pain
35
3@reas during the trials on a body chart and to respond the McGill Pain Questionnaire (Melzack 1975). The
37

3grea of pain was extracted from the body charts with VistaMetrix 1.38 software. The pain rating index based
39 _ . .

n the rank values of the words chosen within each category (sensory, affective, evaluative and
48
j%‘niscellaneous) from McGill Pain Questionnaire were obtained and the score for each category, as well as

43ne total pain rating index were determined as the sum of the ranked values of the words (Melzack 1975).

45.5.  Data analysis

46

47 All variables for postural sway were calculated based on 50-s of the standing tasks, with the first and
48

49%pst 5-s from the original 60-s time series being excluded. The analyses were performed with Matlab R2016a

0
Sioftware (Mathworks, Massachusetts, USA). The area fitted to 95% confidence interval of the CoP
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gisplacement was calculated as representative of the total CoP area displacement (95% confidence interval
l@llipse), along with the CoP velocity in both directions (anterior-posterior and medial-lateral). The structural
iﬁariability of the CoP was calculated by means of Sakn with the embedding dimension (m) and the tolerance
iﬁistance (r) set to m=2 and r=0.2xSD (Vaillancourt and Newell 2000). All CoP variables are displayed as the
13ifference between the values obtained immediately after the injection and the correspondent pre-injection
1"ondition. Negative values show that the CoP variable decreased after the injection of the saline solution
18

1%9ompared to its respective pre-injection condition. Likewise, positive values show that the CoP variable

20

2qncreased after the injection compared to its respective pre-injection condition.

22

2@.6. Statistical analysis

24 . — . . o .
25 Pain outcomes were compared between injection types (isotonic or hypertonic injections) with

ggaired T-tests when normal distribution was present (VAS scores and pain area data) and with the Wilcoxon
ggigned Rank Test when the data distribution was non-normal (McGill scores). The task measures (number of

3Qnswers, number of correct answers) were evaluated with a 3-way RM-ANOVA with injection (isotonic vs

31
3Aypertonic), time (pre-injection vs after injection) and task (counting forward vs backwards) as main factors.
33

34he CoP parameters were compared with a 2-Way RM-ANOVA with task and injection as main factors, and

35

3@he p-values are shown in the table 3. Bonferroni post-hoc correction for multiple comparisons was applied

37

38nd p-values are shown in the results texts. The alfa-value (a) for statistical significance was set to 0.05.

39
46. Results

2123.1 Area and amplitude of perceived pain’'
jj Fig. 4 shows the reported pain areas following both isotonic and hypertonic injections. Pain was
4$resent in the anterior and lateral portions of the thigh after both isotonic and hypertonic injections, being

46
4'Fore concentrated in the lower half of the thigh after the isotonic injections. The hypertonic saline injections

48
49duced higher pain area (mean area * SD: isotonic = 518.6 + 690.6 au; hypertonic = 1659.3 + 1574.0 au;

0
5=0.003) and higher VAS scores (mean score  SD: isotonic = 0.9 + 1.1 cm; hypertonic=4.7 £ 1.7 cm; P<0.001)
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ghan isotonic saline injections. Table 1 shows the scores for each class of words from McGill Pain
161uestionnaire and the pain rating index. Subjects presented a higher total pain rating index and scored
i]jigher in all the categories, with the exception of the affective class, after the hypertonic injections (P<0.05).
1%.2 Cognitive task performance
14
15 Only for the analysis of the cognitive task performance, one subject was not included due to problems
17 the answers recording. The total number of answers and the number of correct answers decreased during
18
1Backwards counting conditions compared with forwards counting despite the injection effect (significant
20

2 1nain effect for task factor; Table 2).

22
233’.3 Center of pressure

24

25 Effect of experimental pain in CoP variables

gs There were no statistical differences between the different conditions for the factor injection on any
Z%f the CoP variables (Table 3).

29

30 Effect of cognitive task in CoP variables

31

32 A main effect of task was found for the CoP AP-velocity (F=5.82; P=0.028), showing that there was an

33

3dhcreased AP-velocity during the counting backwards task compared to the counting forwards task,

35

3@esardless the type of injection (Table 3).

37 , . , . - , .

38 Effect of the interaction between experimental pain and cognitive task in CoP variables

jg An interaction effect was found between injection and task factors for CoP total area and CoP ML-

j%elocity (CoP total F=7.78, P=0.049; CoP ML F=4.69, P=0.021) (Table 3). Post-hoc comparisons showed that
430th variables decreased after the hypertonicinjection in comparison to the condition with isotonic injection

4%hen subjects where counting forward (Bonferroni: P = 0.010 for total area; P = 0.015 for ML-velocity). After
46
4The hypertonic injection, CoP total area increased when subjects were counting backwards in comparison to
48
4%hen they were counting forwards (Bonferroni: P = 0.019). ML-velocity showed differences between the
50
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gifferent cognitive tasks also after the injection of hypertonic solution, with a smaller decrease of ML-velocity

ldvhile counting backwards (Bonferroni: P = 0.049).

%,

. Discussion

1

13 The present study aimed at quantifying how postural stability, represented by CoP sway (velocity and

14

13rea of displacement) and CoP complexity (CoP SaEn), is modified during experimental pain while performing

178 cognitive task. The main results showed that the kind of cognitive task did not interfere with postural
18
1 Gtability in the absence of pain. Experimental pain around the knee joint reduced CoP sway but did not affect

20

2 £oP complexity during the performance of an easier cognitive task. During experimentally induced pain, the

22

derformance of a difficult cognitive task increased CoP sway but did not change CoP complexity.

2£ain intensity and counting performance

26
27

ggompared with the isotonic saline injection, as expected, indicating that experimental pain occurred (Hirata

The subjects showed higher pain intensity for the hypertonic saline injection and a larger pain area

3@t al. 2011). The McGill pain questionnaire indicated that hypertonic saline was perceived more impairing

31
32han the isotonic injection in all subscales except for the affective one. It is important to note that during

33

3dkotonicinjections subjects rated pain around 1/10, which cannot be classified as a totally pain free condition.
35
36 Counting performance requires the use of cognitive process which relies on the working memory of

37

38he subject (Lemaire 1996), impairing motor output performance when executed simultaneously with a
3310t0r task (Vuillerme and Nafati 2007). Seminowicz and Davis (2007) showed that subjects are able to
4

4':}'naintain performance of difficult cognitive task while experiencing different levels of pain. In this study, the
42

4%ainfu| condition did not affect the counting performance while performing a motor task (standing still)

451dicating that healthy subjects are able to engage multiple tasks (motor and cognitive) during pain without
46
4 fompromising performance. This suggests that sufficient cognitive resources were available to manage the
48

49ognitive process of counting forwards or backwards despite the interpretation of painful stimuli and the

g%ostural control task (Eccleston et al. 1999). Finally, education level is associate with both motor and
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@erceptual performance, where higher education level is associated with better performance (Voos et al.
16015). Since our subjects were all university students, we believe that bias due to education level did not

i%ffect the present results.

ii%ffect of cognitive tasks on postural stability

15 Our first initial hypothesis, that (i) the kind of cognitive task (more or less demanding) in a non-painful

16

1¢ondition would not interfere with CoP sway or CoP complexity, was confirmed. The factor task affected the
18
19oP anterior-posterior velocity, indicating an increased velocity during the execution of the more difficult

20
2 task (counting backwards) in comparison to the easier task (counting forward). Nevertheless, the CoP SaEn
24vas not affected by the kind of the performed cognitive task. These results indicate that enough cognitive

2E_l.;esources were available to overcome the demands of both cognitive and postural tasks, which was expected

ggince they were young individuals without any sensory-motor alterations.

g%ffect of experimental knee-related pain on postural stability
9

30 Our second initial hypothesis, that (ii) experimental pain would increase CoP sway and decrease CoP
31
32omplexity was not confirmed since the type of saline solution injected did not affect the CoP variables.

33

34owever, even though the factor injection did not show statistical differences between the different

35

3@onditions for any of the studied CoP variables, there was a difference between total area and ML-velocity
37 . o . . . .
3§etween the control and the painful condition when the subjects were counting forwards, i.e., in conditions

jgvhere the kind of cognitive task performed was the same. Interestingly, during the counting forward, the

4
4

43irections: positive values of the difference between pre-injection and after injection of the isotonic solution,

%ype of injection resulted significant changes in postural sway (total area and ML-velocity) in opposite

4% hereas after the injection of the hypertonic solution both variables showed negative values. Additionally,
46
4o significant changes were observed in the structural variability of the CoP signal. This is contrary to the
48

49nitial hypothesis, where an increase in postural sway and a decrease in structural variability during painful

ggonditions were expected. It is also in contrast with previous findings (Mazaheri et al. 2013) but may relate
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go the different position of the feet used in this study, which affects the postural sway (Day et al. 1993). The
léandem feet position adopted allows less displacement of the CoP due to the limited base of support
i%ompared to side-by-side feet position, since if the subjects increase the CoP amplitude they may fall (Day
i%t al. 1993). This also may reflect a voluntary strategy, requiring a greater amount of cognitive resources and
1§ttention (Morasso and Sanguineti 2002), attempting to avoid large excursions of the body and consequent
12055 of balance. For the current study, this might indicate that the subjects prioritized the balance task over

1 %he other tasks, also known as posture first strategy (Vuillerme and Nafati 2007). The subjects were able to

20

2 1educe the postural sway without compromising the counting performance during the easy cognitive task,

22

Zguggesting that the available cognitive resource was sufficient to perform the less challenging cognitive task
24 . " . .

25\;Vlthout compromising postural stability. Therefore, these results indicate that healthy subjects have the
ggapacity to perform easy cognitive tasks while ensuring postural stability (Siu and Woollacott 2007).
ggeducing postural sway might reflect a motor strategy available for healthy subjects to avoid excessive
3@ anslation of the body, which could lead to balance loss (Winter 1995). This strategy was also observed
31

34uring the control injection while counting backwards, probably indicating that a high cognitive load seems

33

34o be interpreted as a treat to postural stability. An alternative explanation for the contrast between the
35
3@resent study and the previous studies with pain patients showing larger postural sway (Schulte et al. 2004;
37

3éevinger etal. 2016) might be the pain model used that is not a complete proxy to the impaired pain patients’

39ensor -motor system
4GFrony motor system.

jihteractions between pain and cognitive load on postural stability

43 Our initial third hypothesis, that (iii) the presence of experimental pain would increase CoP sway and
44
4%Qecrease CoP complexity only when performing a difficult cognitive task was partially confirmed since CoP

46
47¢way increased during pain under a difficult cognitive task, but the CoP complexity did not change. ANOVA
48

4esults showed an interaction between the task and injection factors for total area and ML-velocity. After

gghe hypertonic injection CoP total area increased and CoP ML-velocity decreased less while counting
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@ackwards in comparison to counting forwards condition, corroborating our hypothesis. ANOVA results also
lehowed an effect of the task factor on AP-velocity with post-hoc comparisons showing a difference only
1%uring the hypertonic injection condition: while counting backwards AP-velocity also increased. Altogether
1
iiﬁlwese results show that CoP sway increases when performing a more demanding cognitive task in the
1§resence of experimental pain. This might reflect an interference with the information-processing capacity
1'&nd an attention disruption from both postural control and cognitive task (Eccleston et al. 1999). Previous
18

1 Gtudies suggest that disruptions of sensory information lead to worsening of proprioception in the affected

20
2 prea (Matre et al. 2002), further impairing postural sway (Hirata et al. 2010, 2011). The results indicate that

22

Zghe posture first strategy (Vuillerme and Nafati 2007) found during the easy cognitive task during pain is no

2é)nger feasible when a difficult cognitive task is performed during painful conditions. The increased cognitive
ioad in painful conditions seems to impair the motor performance maybe due to insufficient cognitive

ggesource to simultaneously maintain postural stability (which requires significant amount of attention

3Ql\/lorasso and Sanguineti 2002)) and execute a difficult cognitive task. These results might have important

31

33dew implications in understanding the mechanisms related to fall accidents. Postural stability in daily life

33

3Activities is usually performed in combination with additional tasks, for example, walking in a busy slippery

3@idewalk. These daily life activities involves simultaneously competition for the cognitive resources available

37 . -

3éWooI|acott and Shumway-Cook 2002) to evaluate the environment constrains in order to promote the best

39 . - . . )

4610t0r strategy (Winter 1995). Our present results indicate that, if the subject performs a challenging

j%ostural task in pain, his/her capacity for maintain balance while exposed to a difficult cognitive task is

43uboptimal, which could increase the likelihood of losing balance.

45 The complexity of postural sway did not show any differences between the experimental conditions.
46
4This result is contrary to the literature finding that young healthy subjects present a more regular and less

48

4@Qutomatic postural sway (decreased CoP SaEn) when the motor task is more difficult (e. g. standing with eyes

5£Iosed) and more irregular postural sway and more automatic postural sway (increased CoP Sakn) when a
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gosgnitive task is added (Donker et al. 2007; Stins et al. 2009). The fact that the cognitive task did not interfere
]ﬁvith CoP complexity may be due to the nature of both motor (standing in tandem position) and cognitive
i%subtraction calculus) tasks used in the experimental setup that did not interfere with the automaticity of
iiostural control. Besides that, pain also did not affect CoP complexity, showing that experimental knee-
15e|ated pain did not compromise the coupling between the components of the system responsible for

1'Balance in the current experimental setup. Future studies should investigate the interaction between pain,
18

19ognition and on CoP complexity with different motor and cognitive demands, in addition to different
20

2 populations.

22

23 Despite interesting results regarding the effects of cognitive tasks in postural control during pain, the
2E_l.;elevance of the findings for clinical populations should be interpreted with care. The experimental pain
odel used here is convenient to assess the effect of pain without the interference of potential structura
ggwdl d here i ient t the effect of pain without the interf f potential structural
r pathologies. However, extrapolating the current findings to an older population can only be done to some
gg thologies. H trapolating th t findings to an old lati ly be done t

3Qegree. Additionally, chronic pain patients may also suffer from depressive symptoms (Bair et al. 2003) or

31
32Anxiety (McWilliams et al. 2003), which might increase cognitive load (Nebes et al. 2001). Furthermore,
33

34ognitive impairments are often found in chronic pain patients, decreasing the possibility to maintain

35

3@erformance of two or more concurrent tasks (Brauer et al. 2004), as opposed to what was observed in this
7

38tudy where young healthy subjects were recruited. Also, there was no recording of postural sway without

39 - ) . . - . . -

ny cognitive task. This would have allowed comparisons with a condition where neither pain nor cognitive

48

j%asks were influencing postural sway, and could have reduced type 2 errors given that multiple CoP variables

43ere analyzed in the study. Thus, it can be considered a limitation to our interpretations.

4%, Conclusions

46

47 Pain and cognitive task interfered on postural stability, changing its patterns. During the performance
48

49f a simple cognitive task, pain reduced postural sway, while during the performance of a more demanding

ggognitive task, postural sway was increased in young healthy subjects. Since our subjects were young healthy
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gubjects, the direct translation of the present results to patients suffering from pain should be done with
léaution. However, these results may suggest that rehabilitation approaches should take into account that
11 . . o . .
1£a|n not only affects directly the motor system, but may occupy cognitive resources, potentially resulting in
iioorer performance when performing rehabilitation exercises. Additionally, rehabilitation strategies using
150th motor and cognitive resources need further investigation to outline the effect of interaction between

1'6ain and cognition on the performance during activities of daily life in patients.
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1 ig 1 Schematic drawing representing the force platform size, sensor locations, and the tandem position of

iiﬁlwe subjects during the experiment

15
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1'¢ig 2 study design overview: pain assessments were performed immediately after each injection and each
18

1Balance measurement; the order of the saline injections was randomized in a balanced way

20

21

22

2:§ig 3 Injections sites for vastus lateralis muscle, performed at two thirds of the distance from the anterior
2Eé;pina iliaca (a) to the lateral side of the patella (b); and for the vastus medialis muscle, performed 5 cm

ggroximal and 5 cm medial to the medial corner of the patella (c),

28
29

3@ig 4 Representation of the experimental pain distribution reported areas after isotonic (top, blue in the

33nline version) and hypertonic (bottom, red in the online version saline injections (A); the individual
33
3distributions are superimposed in the anatomical drawings
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Table 1

Table 1 — McGill Pain Questionnaire scores (median [Range]) for each category and

total pain rating index for the pain experienced after isotonic and hypertonic

injections.
) Injection
McGill scores - — P-value
Isotonic Hypertonic
Sensory 1[0-18] 8.5[2-23]1* 0.023
Affective 0 [0-7] 0 [0-4] 0.174
Evaluative 0 [0-1] 1.5 [0-4]* 0.001
Miscellaneous 0[0-7] 2.5[0-10]* 0.004
Total pain rating index 2.5 [0-33] 16 [5-30]* 0.001

*Statistically significant (P<0.05) higher then isotonic condition (Wilcoxon Signed Rank Test with
Bonferroni correction).



Table 2

Table 2 — Mean (+SD) of the cognitive tasks performances before and during both

injections type (hypertonic and isotonic) and three-way repeated measures ANOVA

results (F; P).

{Formatted: Font: 12 pt

Task

Cognitive task

ANOVA (F; P value)

erformance Condition Counting  Counting Time Iniection Task Time x Injection x

P forward  backward ) Task
Before control injection 63.3x7.5 31.3%¥13.5

Total After control injection 63.5+8.1 30.4%15.0 . . . . .

answers Before painful injection  63.3+10.4 32.1+12.7 0.05;0.833 0.22;0.644  68.0;<0.001 0.28; 0.60%
After painful injection 63.3+9.1 32.3+12.7
Before control injection 63.317.5 30.9+13.9

Total correct  After control injection 63.5¢8.1 29.8+8.1 . . i . .

answers Before painful injection  63.3+10.4 30.9+14.2 0050819 0.06;0.815  64.8;<0.001 0.39; 0.0
After painful injection 63.3+9.0 31.3+13.5

* Statistically significant (P<0.05).



Table 3

Table 3 —Mean (£SD) of center of pressure (CoP) variables represented as the difference

between the measures after and before each injection (isotonic injection considered as

control, hypertonic injection considered as painful) and two-way repeated measures

ANOVA results (F; P).

CoP Variable Control injection Painful injection ANOVA (F; P value)
Counting Counting Counting Counting L Injection
forward backward forward backward Injection Task X task

i 1.84; 0.75; 7.78;
2 .9+78.52  -25.1+138. .5+145.5% .8453.9b y ’ .
Total area (cm?) 28.9178.5 25.1+138.7 34 5+145.5 12.8+53.9 0.196 0.400 0.049*
AP Velocity 0.61; 5.92; 1.168;
s + - + - + +
(cm/s) 0.3612.24 0.07+1.66 0.39+1.82 1.07+£2.35 0.446 0.028* 0.614
ML Velocity 0.98+1.93¢ -1.71+2.61% 3.90; 6.68; 4.69;
~ + d ~ + e ’ ’ ’
(cm/s) d 0.73%2.23 e 0.34£1.92 0.067 0.697 0.021*
AP SaEn (a. u) - 0.73; 1.51; 1.01;
o 0.007+0.067 0.003+0.089 0.041+0.081 0.001+0.048 0.406 0.238 0.331
ML SaEn (a. u.) - - - - 0.12; 0.12; 0.10;
o 0.019+0.050 0.003+0.038 0.004+0.045 0.104+0.052 0.116 0.738 0.755

* Statistically significant (P<0.05). *<%¢ Statistically significant difference between conditions

detected in post-hoc tests (P<0.05).
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