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Abstract

The effects of sleep pressure and circadian phase on neurobehavioral function can be sensitively measured with the psychomotor vigilance ta
(PVT). We compared PVT performance in 16 young (8 men and 8 women, 20-31 years) and 16 elderly healthy subjects (8 men and 8 womer
57-74 years) during a 40-h sleep deprivation (SD, high sleep pressure) and a 40-h multiple nap protocol (NAP, low sleep pressure) under dim ligl
and constant posture conditions in a balanced crossover design. Independent of age and sleep pressure conditions, women exhibited significa
slower reaction times (RTs) than men. This effect became more apparent with increasing time elapsed into both the 40-h NAP and SD protoco
However, women tended to have fewer premature key presses than men. Independent of gender, the elderly showed slower RTs than the younc
the NAP protocol during the biological day (8—24 h) but not during the biological night (24-8 h). In the SD protocol, they had also significantly
slower RTs but only during the first 16 h under low to moderate levels of sleep pressure conditions. The relative PVT performance decline aftel
SD was significantly less pronounced in the elderly than in the young, so that both age groups exhibited similar performance decrements after 16
into the SD protocol. Thus, nighttime- and sleep pressure-related RT slowing in the young “makes them old”, or the elderly are less susceptibl
to circadian and wake-dependent PVT performance decrements. We interpret the gender effect as a different strategy in women when performi
the PVT, although the instructions to be ‘as fast as possible’ were identical. Not only sleepiness and circadian phase, but also age and gender :
major factors that may contribute to attentional failures in extended work shifts and during nighttime work shifts.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Besides its sensitivity to circadian and homeostatic modu-
lation, RT is highly susceptible to the effects of 4g6] with
Sustained attention as a global function is fundamental foa performance decline already starting in the third decade of
optimal cognitive functioning. Neurobehavioral and cognitivelife [26]. Astonishingly, several authors have reported that age-
functioning have been shown to be strongly influenced by twaelated performance differences were attenuated when subjects
interlinked systems: the circadian timing system and the homewere sleep deprivef,5]. Philip et al.[21,22] showed that the
ostatic sleep regulatory system (for a review see Cajochen different lengths of wake duration differentially impacted vigi-
al.[8]). This interplay of processes leads to a characteristic cirlance performance in different age groups, such that RTs of older
cadian performance pattern most clearly reflected in vigilancsubjects remained almost unaffected while young subjects’ RTs
tasks like the Mackworth clock procedufg5] and the psy- increased with time awake. Similarly, Smulders e{24] used
chomotor vigilance task (PVT[L1], both using reaction time three choice-RT tasks to demonstrate that sleep loss effects are
(RT) paradigmg16,12] smaller in the elderly compared to young study participants.
The same result was presented initially by Brendel ef7dl.
who used the Mackworth clock procedure in a protocol with
one night of total sleep deprivation (SD). The attenuated impact
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curve as suggested by Monk and Kugdfes], who employed the  consumption, drug consumption and excessive physical activity. Female par-
Mackworth clock procedure in a constant routine (CR) protocolficipants of the young group started the study on days 1-5 after menses onset
Another possibility is that the reduced effect of sleep loss in théh order to complete the entire study block within the follicular phase. All the
Iderlv is due t | f d build fh tatic sl study participants gave signed informed consent. The local Ethical Committee
elderly Is u_e 0 a less profoun ul ,'Up_o omeostatic s eeB proved the study protocol, screening questionnaires and consent form. All
pressure as indexed by a reduced relative increase of frontal EE{g cedures conformed to the Declaration of Helsinki.
delta activity in the elderly during recovery sledf].
Taken together, the above mentioned data suggest that age2. Protocol
related performance decrements in vigilance tasks depend on the
level of the sleep—wake homeostat. Our aim was to further elu- The entire study consisted of two study legs of 5 days each with 2 weeks in
cidate the impact of not only the sleep—wake homeostat but algiween: buring the week prior to each study leg (baseline week) participants
he circadi lated d inth were instructed to maintain a regular sleep—wake-cycle (bed- and wake-times
the circadian S}’_Stem on.age-re ate ecremems |.nt e PVT undginin 30 min of self-selected target time), which was verified by wrist activity
constant Cond|t|0ns dUI’Ing 40'h Of Sleep deanaUOﬂ and 40-h anonitors (Cambridge Neurotechnom(j"?eyl() and s|eep |ogs.

sleep satiation (multiple nap protocol, NAP). We hypothesised The two study legs comprised two conditions: high sleep pressure (SD proto-
as follows: col) and low sleep pressure (NAP protocol), which were conducted in a balanced
crossover design. Each study leg consisted of one adaptation night and one base-

. . .line night, followed by 40-h of either sleep deprivation or sleep satiation, as well
1. PVT performance in the two age groups is not the same i ;e recovery nighf{g. 1). The sleep-wake schedules were calculated by

the NAP protocol under low sleep pressure conditions: theentering the 8-h sleep episodes at the midpoint of each individual’s habitual
young participants show better performance, sleep episode as assessed by actigraphy and sleep logs during the baseline week.
2. Under high sleep pressure conditions in the SD protocol, the Low sleep pressure was realised by 10 alternating cycles of 75 min of sched-
P : uled sleep (naps) and 150 min of scheduled wakefulriggsl). In both the SD
age-related decline in PVT performance disappears.

h iff in th | i and NAP protocols, the wake episodes were spent under constant routine con-
3. There are no gender differences in the age-related decline Htions (constant dim light levek 8 lux, semi-recumbent posture in bed, food

PVT performance. and liquid intake at regular intervals, no time cues; for details of the CR method,
see Cajochen et 4B]). During scheduled sleep episodes a minor shift to supine
2. Methods posture was allowed and lights were turned off (0 lux).
2.1. Study participants 2.3. Psychomotor vigilance task
Sixteen healthy young (8 women and 8 men, mean age25 years, range The PVT is a sustained attention performance fagkknown to be sensi-

20-31) and 16 healthy older volunteers (8 women and 8 men, mean ég& 65  tive to sleep loss and circadian rhythmicj§0,27] The study participants are
years, range 57—74) completed the study. All were non-smokers, free from mediequired to quickly press a button as soon as red digits appear on a millisecond
ical, psychiatric, neurologic and sleep disorders (Pittsburgh Sleep Quality Indekounter. The digits are presented in intervals randomly varying from 3 to 7s.
score< 5) and average chronotypes (score between 12 and 23) as assessedq}ying both protocols, 11 test bouts of 5min duration were performed every
screening questionnaires, a physical examination and a polysomnographica®25 min starting 75 min after lights on in the morning. In the NAP condition
recorded screening night. An additional neuropsychological assessment ensuri@@ PVT was scheduled 75 min before and after each nag=(ged). The day

that none of the volunteers suffered motor, attentional or memory impairmentgefore the pl’OtOCOlS started, two PVT bouts had been administered to familiarise
[23]. Other exclusion criteria were: shift work within 3 months and transmerid- the subjects with the task. All participants were instructed to press the response
ian flights within 1 month prior to the study, excessive caffeine and alcoholbutton as fast as possible as soon as the red digits appeared.

Sleep Deprivation Nap
Protocol Protocol
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Fig. 1. Overview of the protocol design. After 2 nights and 1 day in the laboratory, a 40-h sleep deprivation (left panel) or a short sleep—wakedigoie par
(75 min/150 min) (right panel) under constant routine conditions was carried out, followed by an 8-h recovery night.
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2.4. Data analyses 5000

The default performance metrics (median RT, response errors, lapses, et
were computed by the standard software REAGZrsion 1.1.03 data analy-
ses for the PVT 192. We have analysed median RT, mean of the 10% faste:g
and of the 10% slowest RTs, all converted to reciprocal RTs. In addition, we 3
have calculated the interpercentile range between the 10th and 90th percent_c_’
according td13]. In a first step, an analysis of variance for repeated measure:=
(rANOVA) with the repeated factors ‘condition’ (NAP, SD) and ‘time’ (sessions
1-11) and the between subject-factors ‘age group’ (young, old) and ‘gendel
(male, female) was performed. In a next step, a two-way rANOVA with the
repeated factor ‘time’ and the within factor ‘age group’ was carried out for eact 100 125
sleep pressure condition separately. All derivedalues were based on the
Huynh-Feldt's corrected degrees of freedom, but the original degrees of free-, o .
dom are reported. For post hoc comparisons Curran Everett's alpha-correcté:dg' 2. Frequenc;_/ curve of the distribution of RTs (ms, log scale) in male and
rtest was employed. Alpha criterion was setPat0.05. SPSS (SPSS Inc,, emale study participants.

SPSS for Windows, Chicago, IL, USA, Version 11.0) and Stati8ti&tatSoft
Inc. 1999, Statistica for Windows, Tulsa, OK, USA, Version 6.0) were used.

2 4000 —e— Men (n=16)
2 —o— Women (n=16)
< 3000 1

2000

1000 4

150 175 200225250 300 350400450500 600 700 800 900 1000
Reaction Time (ms)

related to more accurate response button presses, premature
key presses (false starts, error of commission) were defined
as reaction times <100 ms and analysed with a rANOVA with
the above mentioned factors. The factor gender tended to be
The main factor ‘gender’ yielded significance for the threesignificant ¢ =0.07) and the average level of false starts was
dependent variables (i.e. medium, 10% fastest and 10% slowestver in women than in men (0.10.05 SE in women versus
RT; P at least 0.003) with significantly slower reaction times in 0.084 0.05 SE in men).
women than in men (median RT for women: 250.6 ms versus Inasecond step, age group specific responses were compared
210.2 ms for men). The interpercentile range tended to be widdn a rANOVA with the three factors ‘age group’, ‘condition’ and
in women than in menKj 2s=3.1,P =0.09).Fig. 2depicts the ‘time’ (seeTable J). For all four above mentioned variables, the
distribution of all measured RTs in men and women pooled fomain factors ‘condition’ and ‘time’ and their interaction were
both age groups. The factor ‘gender’ did not significantly interacsignificant ¢ <0.01, except for 10% fastest RTs a tendency
with the factors ‘age group’ and ‘condition’, but with the fac- P<0.1), whereas ‘age group’ was not, nor was its three-way
tor ‘time’, with gender differences becoming more pronouncednteraction with ‘time’ and ‘condition’. However, for the 10%
with increasing time elapsed into the SD and NAP protocolslowest RTs the interaction between ‘age group’ and ‘time’
(median RT:F1,10=3.5,P<0.02; 10% fastest RTF1 10=2.4, Yyielded significanceK10 300=2.6,P =0.014). In addition, there
P<0.03; 10% slowest RTF1 10=2.3,P<0.03). Other combi- was a significant interaction of ‘age group’ and ‘condition’ for
nations of interactions between gender and the above mentionetedian RT, which revealed group differences depending on the
factors did not yield any significance. Therefore, for furthersleep pressure conditiofi{30=4.3,P=0.047) Fig. 3. Under
analyses the factor gender was not included in the ANOVAslow sleep pressure in the NAP protocol the elderly had slower
However, to test whether the gender-related slower RTs weneaction times than the young subjects.

3. Results

Table 1
Results of the rANOVAs of the measures ‘median RT’, ‘10% slowest RTs’, ‘10% fastest RTs’, and the interpercentile range (10th—90th percentile)

d.f. Median RT 10% slowest RTs 10% fastest RTs Interpercentile range (10th—90th)
F-value  P-value F-value P-value F-value  P-value F-value  P-value
Effect
Age group 1,30 1.28 0.266 2.70 0.111 2.09 0.159 0.54 0.470
Condition 1,30 16.79 0.000 23.67 0.000 5.23 0.029 19.1 0.000
Time 10, 30 18.39 0.000 15.10 0.000 7.94 0.000 6.7 0.000
Age groupx condition 1,30 4.29 0.047 3.13 0.087 2.44 0.129 4.0 0.054
Age groupx time 10, 300 2.09 0.060 258 0.014 1.59 0.125 1.0 0.451
Conditionx time 10, 30 6.27 0.000 10.04 0.000 1.82 0.080 4.8 0.000
Age groupx conditionx time 10, 300 0.8 0.594 0.94 0.480 1.40 0.205 0.77 0.657
SD
Age group 1,30 0.33 0.569 0.78 0.383 1.02 0.321 0.03 0.867
Time 10, 300 16.62 0.000 18.14 0.000 5.59 0.000 12.6 0.000
Age groupx time 10, 300 1.73 0.101 213 0.039 1.20 0.293
NAP
Age group 1,30 2.89 0.100 5.38  0.027 3.47 0.072 3.72 0.062
Time 10, 300 5.95 0.000 4.18 0.000 3.78 0.000 2.10 0.023
Age groupx time 10, 300 1.06 0.388 151 0.168 2.00 0.046 0.456 0.917
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Fig. 3. Median RT (ms) of the young and the older group under low (NAP)
a_nd high (SD) sleep pressure conditions. Asterisk indicates a significant group  slower 475 NAP Protocol
difference on 1/RT transformed values.
To further investigate the differential effect of sleep pressure  aster  6-00 SD Protocol
in the two age groups, a two-way rANOVA with ‘time’ and ‘age
group’ was performed for each sleep condition separately (see _ 5751
Table ). Significantinteractions between ‘age group’ and ‘time’ E
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= corrected-test).
2.00
1.75
NAP Protocol panel). Post hoc comparisons between the two groups yielded
slower 1.50 significant results for the first, and a tenden£y<(0.1) for the
faster 3.50 SD Protocol second, third and fourth test sessions.
In the NAP protocol, it was the 10% fastest RTs, that
I 3.25 yielded a significant interaction between ‘age group’ and ‘time’
E 3.00 | (F10,300=2.00, P =0.046) Fig. 5 upper panel). As post hoc
= 575 analyses revealed, the significant group differences occurred in
§ the first, fourth and the last two sessions, and a tendéh<(1)
5 250 in the second, third and ninth test sessions. Under the low sleep
82 225 pressure condition the difference between the two age groups
T 5004 appears more clearly; even the .malirll effect ‘age group’ for the
e Older 10% fgstgst RTs _ter@ed to be significaig( 5, upper panel),
1751 Young while it yielded significance for the 10% slowest RFsd. 4,
slower 150 L\r— — — upper panel).
845 16.15 2345 7.15 1445 2215 Visual inspection of the two groups’ performance curves in
Time of Day (h) the NAP protocol leads to the assumption that the circadian

Fig. 4. Vigilance performance exemplified by thlew reaction time domain

(10% slowest RTs) of the young and the older group under low (NAP) and hig
(SD) sleep pressure conditions. Asterisk indicates a significant difference al

modulation of the elderly subjects’ performance was attenuated
compared to the young group. Therefore, in a further analysis
;{Jle amplitudes of the fitted group’s mean performance curves

circles indicate a tendency in post hoc comparisons (Curran Everett's alphaVere compared by calculating upper and lower limits of a 95%

corrected-test).

confidence interval of each group (young group: G£2D09;
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older group: 0.0% 0.05). Even though the amplitude values 4.2. Age effect
are clearly distinct from each other, the upper limit of the older
group and the lower limit of the younger group did slightly ~ When subjects were sleep satiated in the NAP condition, the

overlap. expected age difference was present (10% fastest RTs), with the
older group showing slower RTs than the young oRig.(5,
4. Discussion upper panel). Also during the first 16 h into the SD protocol,

the two subject groups showed performance differences, as evi-

Based on earlier observations that sleep pressure has a difenced by the significant single comparison in the first and the
ferential effect on age-related reaction time decrements in vigtendencies in the second to fourth test bouts (10% slowest RTs)
ilance task$7,21,24] we investigated performance differences (Fig. 4, lower panel). However, when wake duration exceeded
between young and elderly volunteers in the PVT under differenfiabitual time awake, as was the case in the SD condition from
levels of sleep pressure. We hypothesised that under sleep satibe fifth test session on, the group differences disappeared and
tion young participants show better performance than the elderlyhe performance of older and young participants was equally
whereas under sleep deprivation this performance differencglow (10% slowest RTs). The age difference under low sleep
disappears. The unmasking temperature-, posture- and lighpressure is no longer apparent under high sleep pressure, so that
controlled conditions of the constant routine protocol allowedthere is less of a relative performance decrement during SD in
us to further elucidate possibly different circadian amplitudeshe elderly. Whether this is related to a reduced susceptibility
of the two age groups’ performance curves as suggested 49 wake-dependent performance decrements and the reduction
Monk and Kupfer[16]. Moreover, we hypothesised that there in the relative increase in SWA found in frontal brain areas as
is no gender difference in the age-related decline of PVTreported for the elderly in the same experimfiit], remains
performance. to be elucidated. Our results are in accordance with recent data

This study shows that PVT performance does depend on geifi2] showing less of a decline in PVT performance across a 40-h
der independent of age, with overall slower RTs in women tharsleep deprivation protocol in older men. However, in contrast to
in men. Age-related slowing in RT is particularly pronouncedthose data, our older subjects never attained better performance
during low sleep pressure conditions (<16 h of prior wakeful-than the young, even after more than 16 h of prior wakefulness.
ness) and is the same in men and women. These results were Remarkably, also under low sleep pressure in the NAP con-
obtained for median RT, thus independent of any RT distribudition, the performance difference between the two age groups
tion domain, which points to a general validity of the differential disappeared at the circadian trough (10% fastest RTs) as the

age and gender group differences. insignificant post hoc tests of the sixth, seventh and eighth
test bouts indicatedHg. 5, upper panel). The fact that the
4.1. Gender effect elderly subjects’ performance curve follows a flattened time

course, especially around the circadian temperature minimum

We did detect an overall clear gender difference with slowefseeFig. 5), suggests an attenuated circadian amplitude. This is
reaction times in women than in men independent of age. Fuin accordance with an age-related reduction in the circadian out-
thermore, our study is in agreement with Jevas andYajwho  putas indexed by a reduced circadian modulation of the salivary
reported in their meta-analysis that men and women showehelatonin rhythm and the circadian arousal signal in the evening
the same age-related deterioration in RT. This confirms othets reported in the same experiment biyrih et al[18]. Further-
results pointing out faster reaction times in males than in femalegiore, this observation is consistent with Monk and Kujptéi,
in almost every age group both in choice as well as simplevho reported a flattening of the vigilance performance curve for
reaction time paradigmfl,19,25] Additionally, more prac- the elderly. They concluded that this attenuation is reflected by a
tice did not reduce the female disadvantage. Bi8ljseported  weaker relationship between the circadian pacemaker (as mea-
that the mean time to press a key in response to a light wasured by the core body temperature rhythm) and the “[circadian
220 ms for males and 260 ms for females, a gender-related diffeperformance] rhythm(s) downstream from the pacemaker”.
ence very similar to the one we observedtQ ms). Botwinick In summary, women react slower but are more accurate than
and Thompsorj6] found that almost all of the male—female men, and sleep deprivation makes the young “old” since the
difference was accounted for by the lag between the preselderly do not manifest greater decrements under high sleep
tation of the stimulus and the beginning of muscle contracpressure.
tion. Muscle contraction times were the same for males and
females. In our protocol the task instructions, to press as fagtcknowledgements
as possible, were identical for everyone. However, women had
the tendency to inhibit their PVT response to maintain accu- We thank Claudia Renz, Marie-France Dattler and Gio-
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young men, as shown in the lesser error rate. In both gendemsen Schder and Corina Schnitzler for the medical screening
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possible. Foundation (Switzerland).



K. Blatter et al. / Behavioural Brain Research 168 (2006) 312-317 317

References [14] Jevas S, Yan JH. The effect of aging on cognitive function: a preliminary
guantitative review. Res Q Exerc Sport 2001;72:A-49.
[1] Adam J, Paas F, Buekers M, Wuyts |, Spijkers W, Wallmeyer P. Gendef15] Mackworth NH. The breakdown of vigilance during prolonged visual
differences in choice reaction time: evidence for differential strategies. ~ searchQ J Exp Psychol 1948;1:6-21.
Ergonomics 1999;42:327. [16] Monk TH, Kupfer DJ. Circadian rhythms in healthy aging—effects
[2] Adam M, Rétey JV, Khatami R, Landolt, HP. Age-related changes in downstream from the pacemaker. Chronobiol Int 2000;17:355-68.
the time course of vigilant attention during 40 h without sleep in men.[17] Munch M, Knoblauch V, Blatter K, Schder C, Schnitzler C, Kauchi

Sleep, in press. K, et al. The frontal predominance of human EEG delta activity after

[3] Bellis CJ. Reaction time and chronological age. Proc Soc Exp Biol Med ~ Sleep loss decreases with age. Eur J Neurosci 2004;20:1402-10.
1933;30:801. [18] Minch M, Knoblauch V, Blatter K, Scbider C, Schnitzler C, Kauchi

[4] Bonnet MH. The effect of sleep fragmentation on sleep and performance K, et al. Age-related attenuation of the evening circadian arousal signal
in younger and older subjects. Neurobiol Aging 1989;10:21-5. in humans. Neurobiol Aging 2005;26:1307-19.

[5] Bonnet MH, Arand DL. Sleep loss in aging. Clin Geriatr Med [19] Noble C, Baker BL, Jones TA. Age and sex parameters and psychomotor
1989:5:405—-20. learning. Percept Mot Skills 1964;19:935-45.

[6] Botwinick J, Thompson LW. Components of reaction time in relation to [20] Parasuraman R, Nestor P, Greenwood P. Sustained-attention capacity in
age and sex. J Genet Psychol 1966;108:175-83. young and older adults. Psychol Aging 1989;4:339-45.

[7] Brendel DH, Reynolds 3rd CF, Jennings JR, Hoch CC, Monk TH, [21] Philip P, Taillard J, Quera-Salva MA, Bioulac B, Akerstedt T. Simple
Berman SR, et al. Sleep stage physiology, mood, and vigilance responses reaction time, duration of driving and sleep deprivation in young versus
to total sleep deprivation in healthy 80-year-olds and 20-year-olds. Psy-  old automobile drivers. J Sleep Res 1999;8:9-14.
chophysiology 1990;27:677-85. [22] Philip P, Taillard J, Sagaspe P, Valtat C, Sanchez-Ortuno M, Moore N, et

[8] Cajochen C, Blatter K, Wallach D. Circadian and sleep—wake dependent  al- Age, performance and sleep deprivation. J Sleep Res 2004;13:105-10.
impact on neurobehavioral function. Psychol Belg 2004;44:59-80.  [23] Robbins TW, James M, Owen AM, Sahakian BJ, Lawrence AD,

[9] Cajochen C, Knoblauch V, Kauchi K, Renz C, Wirz-Justice A. Dynam- Mcinnes L, et al. A study of performance on tests from the CANTAB
ics of frontal EEG activity, sleepiness and body temperature under high ~ battery sensitive to frontal lobe dysfunction in a large sample of normal
and low sleep pressure. Neuroreport 2001;12:2277-81. volunteers: implications for theories of executive functioning and cog-

[10] Dinges DF, Pack F, Williams K, Gillen KA, Powell JW, Ott GE, et al. nitive aging. Cambridge Neuropsychological Test Automated Battery. J

Cumulative sleepiness, mood disturbance, and psychomotor vigilance Int Neuropsychol Soc 1998;4:474-90.
performance decrements during a week of sleep restricted to 4-5h pé¢4] Smulders FT, Kenemans JL, Jonkman LM, Kok A. The effects of sleep
night. Sleep 1997;20:267-77. loss on task performance and the electroencephalogram in young and

[11] Dinges DF, Powell JW. Microcomputer analyses of performance on a__ €lderly subjects. Biol Psychol 1997;45:217-39. _
portable, simple visual RT task during sustained operations. Behav Re5] Welford AT. Choice reaction time: basic concepts. In: Welford AT, editor.
Methods Instrum Comput 1985;17:625-55. Reaction times. New York: Academic Press; 1980. p. 73-128.

[12] Doran SM, Van Dongen HP, Dinges DF. Sustained attention performanck26] Wilkinson RT, Allison S. Age and simple reaction time: decade differ-
during sleep deprivation: evidence of state instability. Arch Ital Biol ences for 5,325 subjects. J Gerontol 1989;44:P29-35.
2001;139:253-67. [27] Wyatt JK, Dijk DJ, Ronda JM, Jewett ME, Powell JW, Dinges DF, et

[13] Graw P, K&uchi K, Knoblauch V, Wirz-Justice A, Cajochen C. Circadian al. Interaction of circadian- and sleep/wake homeostatic-processes modu-
and wake-dependent modulation of fastest and slowest reaction times late psychomotor vigilance test (PVT) performance. Sleep Res 1997;26:
during the psychomotor vigilance task. Physiol Behav 2004;80:695-701.  759.



	Gender and age differences in psychomotor vigilance performance under differential sleep pressure conditions
	Introduction
	Methods
	Study participants
	Protocol
	Psychomotor vigilance task
	Data analyses

	Results
	Discussion
	Gender effect
	Age effect

	Acknowledgements
	References


