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Abstract

Dietary components may affect brain function and influence behaviour by inducing the synthesis of neurotransmitters. The aim of the

present study was to examine the influence of consumption of a whey protein-containing breakfast drink v. a carbohydrate drink v. control

on subjective and physiological responses to mental workload in simulated work. In a randomised cross-over design, ten healthy subjects

(seven women, median age 26 years, median BMI 23 kg/m2) participated in a single-blinded, placebo-controlled study. The subjects

performed demanding work-like tasks after having a breakfast drink high in protein (HP) or high in carbohydrate (HC) or a control

drink on separate sessions. Subjective states were assessed using the NASA Task Load Index (NASA-TLX), the Karolinska sleepiness

scale (KSS) and the modified Profile of Mood States. Heart rate was recorded during task performance. The ratio of plasma tryptophan

(Trp) to the sum of the other large neutral amino acids (LNAA) and salivary cortisol were also analysed. The plasma Trp:LNAA ratio

was 30 % higher after the test drinks HP (median 0·13 (mmol/l)/(mmol/l)) and HC (median 0·13 (mmol/l)/(mmol/l)) than after the control

drink (median 0·10 (mmol/l)/(mmol/l)). The increase in heart rate was smaller after the HP (median 2·7 beats/min) and HC (median 1·9

beats/min) drinks when compared with the control drink (median 7·2 beats/min) during task performance. Subjective sleepiness was

reduced more after the HC drink (median KSS 21·5) than after the control drink (median KSS 20·5). There were no significant differences

between the breakfast types in the NASA-TLX index, cortisol levels or task performance. We conclude that a breakfast drink high in whey

protein or carbohydrates may improve coping with mental tasks in healthy subjects.
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The modern work environment requires working on

multiple simultaneous tasks under time pressure. This causes

mental workload defined as ‘the portion of an individual’s

limited mental capacity that is actually required by task

demands’(1). In addition to task demands, factors such as

poor diet and lack of sleep can decrease the physiological

resources an individual has available for carrying out a

certain task, and this can thus also increase the mental

workload of the task. High workload during task performance

may increase irritability, fatigue and facilitate errors(2).

In extreme cases, high workload may contribute to stress and

symptoms of work fatigue, sleep problems and depression(2).

Brain function is thought to be very sensitive to even small

changes in plasma metabolites(3), and thus the brain energy

supply and dietary components providing essential precursors

to the brain may have an important role in optimising work

performance and also in promoting mental well-being. Dietary

interventions so far support the importance of having a break-

fast, rather than skipping it, as this habit has been linked with

several positive health outcomes, and also with improved
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cognitive functions, particularly in the elderly(4) and in school-

aged children(5). The type of breakfast also makes a difference

since macronutrient composition, energy supply and glycaemic

properties of the breakfast may all affect cognitive perform-

ance(6). In healthy work-aged adults, however, clear evidence

on the necessity of breakfast is still lacking(7) as is the consensus

on which kind of breakfast would benefit the most in the work

environment.

The availability of an essential amino acid, tryptophan (Trp)

to brain serotonin (5-hydroxytryptamine; 5-HT) synthesis, is

important for the regulation of, for example, stress adaptation,

cognition and mood(8). There are two nutritional ways to

increase the level of Trp in the brain: through consumption

of carbohydrates or Trp-rich whey protein(9). Carbohydrates

induce the synthesis of 5-HT through insulin response. Insulin

secretion facilitates the precursor of 5-HT, Trp, to cross the

blood–brain barrier for 5-HT synthesis, while the other large

neutral amino acids (LNAA) are transferred into the skeletal

muscle(10). In addition to 5-HT regulation, glucose is a primary

source of energy for the brain and its beneficial effects on

short-term performance have been recognised widely(11,12).

In a study by Markus(13), a pure carbohydrate-containing

breakfast drink improved cognitive performance and mood

under stress. Carbohydrate-rich, protein-poor foods may also

reduce levels of the stress hormone cortisol following acute

stress-inducing tasks, but this has been shown only in stress-

vulnerable subjects(14).

Milk-derived whey protein, and particularly its a-lactalbu-

min protein fraction, also increases the level of Trp in the

brain by increasing the ratio of plasma Trp to the sum of

LNAA (Trp:LNAA). A breakfast enriched with whey protein

was proven to positively affect mood and performance in

specific cognitive tasks in stress-vulnerable subjects in an

acute stress test(15–18). The effects of a-lactalbumin on

cognition are generally modest in healthy subjects(9).

When comparing high-carbohydrate v. high-protein break-

fasts in healthy participants, Lemmens et al.(19,20) found no

difference between the breakfast types in mood or cortisol

responses in an acute stress and rest condition. Fischer

et al.(3) suggested that a protein-rich or balanced meal with

a lower glycaemic index results in better overall cognitive

performance than a meal rich in a mix of carbohydrates

presumably because of less variation in plasma glucose and

insulin concentrations and the glucagon:insulin ratio. Regard-

ing cognitive performance, it seems that the changes in plasma

metabolites are more important than the absolute levels(21).

Smaller blood glucose fluctuations result in lighter metabolic

stress, which may be better for cognition(21,22).

In previous studies, little consideration has been given to

mental workload such as frustration and mental effort. How-

ever, these dimensions may be key parameters when evaluat-

ing the effects of breakfast or its macronutrient content on

work performance. Under high workload that challenges cog-

nitive resources, performance effectiveness may decrease,

and, in addition, psychophysiological activation, strain and

fatigue increase, even if the primary work task performance

shows no decrement(23). Thus, the aim of the present study

was to compare the influence of consumption of a whey

protein-containing breakfast drink v. a carbohydrate breakfast

drink v. control on subjective and physiological responses to

mental workload in simulated work. We measured mental

workload and the changes in subjective well-being and sleepi-

ness as well as heart rate in a computerised work simulation

(WS). The cognitive demands of the tasks resemble the

challenges that a real multitasking work environment places

on attention and working memory(24,25).

Methods

Subjects and study design

We studied healthy Finnish men and women (n 10, seven

women) with a median age of 26 (range 22–40) years and a

BMI of 23 (range 20–28) kg/m2 in a cross-over study. Exclu-

sion criteria for participation were the use of medication

(except use of contraception), diseases of the central or

autonomic nervous system and also metabolic, hormonal or

intestinal diseases, depression, overweight (BMI .30 kg/m2)

or underweight (BMI ,18 kg/m2), excessive use of alcohol

(.240 g alcohol in a week), smoking, food allergies (e.g.

milk), lactose or gluten intolerance, pregnancy or breast-

feeding. All subjects were habitual breakfast eaters, their sleep

normally occurring between 21.00 and 08.00 hours and they

did not consume caffeine more than 1000mg/d. Volunteers for

the study were recruited via email and notice-board announce-

ments from the campus of the University of Helsinki and from

local companies. The present study was conducted according

to the guidelines laid down in the Declaration of Helsinki, and

the test protocol was approved by the ethics committee of the

Hospital District of Helsinki and Uusimaa. Written informed con-

sent was obtained from all subjects.

The study was conducted according to a randomised,

single-blinded, cross-over design. Each subject visited the

Brain Work Laboratory at the Finnish Institute of Occupational

Health four times. The outline of the study is presented in

Fig. 1(a). During the first visit, subjects became familiar with

the experimental procedure. They were introduced to the lab-

oratory surroundings and the individual difficulty level of the

WS tasks was set as described in detail later in this section.

Subjects were also introduced to the use of food diary, sleep

diary and actigraphy, and they were trained to fill in the

questionnaires on the computer. Subjects did not, however,

consume the breakfast drinks during this visit. All four visits

were separated by at least 1 week.

On the three actual test visits, subjects came to the labora-

tory at 08.30 hours, after fasting overnight, and received as a

breakfast once a high-protein (HP), once a high-carbohydrate

(HC) and once a control drink (control) and performed

work-like tasks in the WS. The test drinks HP and HC were

indistinguishable from each other, whereas the control drink

was of different appearance. The investigators were blind to

the HP and HC breakfast drinks. Although all of the breakfast

drinks were not of identical appearance, the subjects were

unaware of the content of the breakfast drinks. The order of

the drinks was randomised across the subjects. The subjects

had free access to water during the entire study, but no
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additional food or fluid intake was permitted. The schedule

during test days 2–4 is presented in Fig. 1(b).

After arrival in the laboratory on an actual test visit, the sub-

ject rinsed his or her mouth with water 15 min before the

taking of a salivary sample. Information regarding the current

health of the subject was asked. The subject filled in a baseline

mood questionnaire, modified Profile of Mood States (POMS),

which has been described in detail later on, and a baseline

blood sample was taken after which the subject received

one of the breakfast drinks at 09.00 hours. The dietary

intake was supervised to ensure that the test drinks were con-

sumed within 10 min. After the breakfast drink consumption,

electrodes for electroencephalographic recordings were

placed on the scalp. The results of these recordings will be

reported separately.

At 10.00 hours, the subject was seated in a silent measurement

room to start WS1. This simulation, lasting for 60 min, worked as

a run-in session for the afternoon WS2 to standardise the

physiological and psychological states of the subject. During

WS1, the subject first performed a battery of simple attention

and working memory tasks and also a more challenging

computerised multitask test, Brain@Work (B@W). Subjective

sleepiness was assessed every 10 min by the Karolinska sleepi-

ness scale (KSS) on a computer. The subject’s mood was

assessed by the modified POMS for the second time during

WS1 (at least 60 min after the breakfast drink consumption).

Earlier studies have suggested that the effects of macronutri-

ents occur clearest in challenging cognitive circumstances and

after a delay rather than immediately after the breakfast(12). In

addition, as we assumed that the effects of nutritive breakfast

drinks would mediate through the changes in plasma

Trp:LNAA and as it has been suggested that peak changes in

Trp:LNAA are found 120–200 min after carbohydrate intake

when glucose levels have returned to baseline(13), blood

samples were collected 120 min after the breakfast. Also, the

second salivary sample was collected at this point.

After blood and salivary sampling and a short break, WS2

started at 11.30 hours and lasted altogether 90 min. First, sub-

jects were seated in a silent measurement room to first watch

a silent nature documentary without subtitles for 5 min. The

purpose of the documentary was to standardise a baseline

condition for the heart rate recordings. During the second

battery of cognitive tests, subjects performed the same attention

and working memory tasks and in the same order as during

WS1. They additionally completed a complex span task, the

Symmetry Span (SS), which was performed before the B@W.

In WS2, heart rate was recorded during B@W performance

and subjects assessed their sleepiness every 10 min and also

their mental workload after the SS and B@W tasks. At the end

of the WS2, the subjects watched the second nature documen-

tary during which the heart rate was recorded to find out the

recovery of the heart rate. The third salivary sample was taken

after WS2. The test day finished at about 13.00 hours when

the subjects were provided a lunch. All the three test visits fol-

lowed the same protocol as described here.

Subjects were asked to avoid alcohol and strenuous physi-

cal exercise the day before each testing day. Nutritional

habits and sleep quality were recorded before each study

session (Fig. 1(a)). Each subject was given a sleep diary, a

wrist actigraphy (Actiwatch AW7; CamNtech) and a food

diary in which they reported all the foods and drinks that

they consumed (analysed with Nutris Plus; Healthmakers).

The subjects were instructed to record information about

their food intake for 1 d and their sleep for 2 d before the

laboratory visits. Sleep time, sleep efficiency (the part of

actual sleep time of the time spent in bed) and morning

(a)

Day 1

Randomisation Washout
(≥7 d)

(b) KSS KSS

11.30 hours 13.00 hours09.00 hours

Break fast
drink HP, HC

or control

NASA-TLX after
SS and B@W

m-POMS m-POMS

Salivary
cortisol

10.00 hours

Work simulation 1 Work simulation 2

Blood sample
and salivary

cortisol

Blood sample
and salivary

cortisol

Heart rate
at rest

Heart rate
at rest

Heart rate during
SS and B@W

Sleep and
diet

Sleep and
diet

Sleep and
dietDay 2

HP, HC
or control 

Day 3
HP, HC

or control 

Day 4
HP, HC

or control 

Washout
(≥7 d)

Fig. 1. (a) Study design and (b) schedule during the study days 2–4 of the randomised 3 £ 3 cross-over study to compare breakfasts with high protein (HP), high

carbohydrate (HC) and control which were given in a randomised order. Sleep and dietary information was recorded before each test session. Work simulations

1 and 2 lasted for 60 and 90 min, respectively. During work simulation 2, the Symmetry Span (SS) test and Brain@Work (B@W) multitask test were performed,

respectively. KSS, Karolinska sleepiness scale; m-POMS, modified Profile of Mood States; NASA-TLX, NASA Task Load Index.
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sleepiness (scale from 1 ¼ very well rested to 5 ¼ not rested at

all) and dietary parameters (energy, protein and carbohydrate

intake, coffee and alcohol use) assessed before the test

sessions are shown in Table 1. These variables did not differ

significantly between the three test sessions.

Breakfast drinks

On the three experimental mornings, the subjects received

fruit juice drinks as their breakfast. The two nutritive breakfast

drinks were similar in energy content, appearance and taste

with the exception of the nutrient composition: the protein-

enriched drink contained 21 g whey protein (Davisco Foods

International) and the carbohydrate-enriched drink contained

21 g maltodextrin (Cargill). The nutritive drinks were prepared

by mixing the whey protein or the maltodextrin powder and

500 ml of fruit juice (a mix of orange, grape, peach, mango

and passion; Valio Limited). The energy content of the carbo-

hydrate and protein drinks (1255 kJ) was at the same level

with the habitual energy intake of Finns for a morning(26).

The control drink contained artificially sweetened fruit juice

without almost any energy (67 kJ/500 ml). It was prepared by

mixing 50 g of artificially sweetened fruit juice concentrate

(Felix Abba Limited) and 450 g of water. The energy, protein

and carbohydrate contents of the drinks are given in Table 2.

Mental workload

The NASA Task Load Index (NASA-TLX) is a measure of

subjective perception of workload(27). Subjective mental

workload was measured on a computer after the performance

of cognitive work-like tasks (SS and B@W) during WS2. The

NASA-TLX assesses six dimensions of workload (mental,

physical and temporal demand, performance, effort and

frustration) on visual analogue scales ranging from not at all

(0) to very much (100). Mental workload was calculated as a

mean score of six dimensions.

Sleepiness

Subjective sleepiness was measured on a computer by the

nine-point KSS(28). The scale varies from very alert (score 1)

to very sleepy, fighting sleep or high effort to keep awake

(score 9). Sleepiness was calculated as a mean score from

the measurements registered every 10 min before and during

WS2. The change in sleepiness was calculated by subtracting

the mean KSS scores before WS2 from the mean scores

during WS2.

Mood states

Changes in mood were measured on a computer using a

validated Finnish version of the POMS(29), which is comprised

of seven different subscales for negative mood: tension,

fatigue, obliviousness, depression, irritability, inefficiency,

insecurity and vigour as a subscale for positive mood. All

the subscales consisted of three to six negative or positive

feelings. We modified the POMS by adding a subscale for

the feeling of well-being. It referred to postprandial wellness

and comprised the feelings of pleased, relaxed, vigour and

satisfied. The subscale of well-being is based on the question-

naire used in the study of Boelsma et al.(30). In addition, the

original self-rating scales were changed to visual analogue

scales ranging from not at all (0) to very much (100).

Table 1. Sleep and dietary information before the test sessions*

(Medians, minimum and maximum values)

High protein High carbohydrate Control

Median Minimum–maximum Median Minimum–maximum Median Minimum–maximum

Sleep time (h:min) 7:07 05:37–07:58 7:07 04:46–08:07 7:12 05:45–07:56
Sleep efficiency† (%) 90·3 80·9–93·6 91·9 84·8–95·2 89 72·75–94·1
Sleepiness‡ 2·8 1·5–4·0 2·8 2·0–4·5 3 1·0–5·0
Energy (kJ) 7209 5481–11506 7590 5042–12263 8364 5941–12121
Protein (E%) 19 9–24 18 9–23 22 11–30
Carbohydrate (E%) 51 36–56 45 23–53 48 34–69
Coffee (mg/d)

Users (n) 10 9 9
Minimum–maximum 50–600 100–700 100–600

Alcohol (g/d)
Users (n) 1 3 2
Minimum–maximum 12 12–84 15–24

E%, percentage of total energy.
* Sleep variables (actigraphy and sleep diary) are based on two previous nights and dietary variables are based on the previous day before the test sessions

with the breakfast drinks of high protein, high carbohydrate and control in a 3 £ 3 cross-over trial (n 10).
† The part of actual sleep time of the time spent in bed.
‡ Subjective assessment after an overnight sleep on a scale from 1 (very well rested) to 5 (not rested at all).

Table 2. Nutritional contents of the breakfast drink portions (500 ml)

High protein High carbohydrate Control

Energy (kJ) 1255 1255 67
Carbohydrates (g) 55 76 4

Sugars 55 55 4
Maltodextrin 0 21 0

Protein (g) 21 0 0
Whey protein 21 0 0

Breakfast in coping with workload 1715
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Computerised work-like tasks

High mental workload was induced with two computerised

tasks: B@W, which demands working memory and divided

attention(31), and SS, which demands visuospatial working

memory(32). The B@W multitask has been developed at the

Finnish Institute of Occupational Health and is a modification

of SYNWORK, computer-based software for the assessment of

performance in a simulated work environment(33). The B@W

allows the task difficulty and pace to be adjusted(25). In the

B@W task, four different simultaneous subtasks were used: an

auditory attention task; an arithmetic task; a memory task; a

visual vigilance task. On the first visit in the laboratory, subjects

performed the B@W until a constant performance level was

reached with an individual task difficulty level. The level of

the subtask difficulty and the timing of the subtasks (stimulus

display time and inter-stimulus interval) were defined so that

the subjects were able to obtain approximately 70% of the maxi-

mum positive score. The individual task difficulty is very import-

ant since it is a means to avoid interferences of learning with

treatment effects and to ensure that the task demands are similar

for each subject and for each of the three test days.

Heart rate

Cognitive workload(34) and mental stress(35) activate the

sympathetic nervous system and can thus be evaluated by

measuring the heart rate. Heart rate was evaluated from the

electrocardiogram during a 20 min task simulating work

(B@W), and at rest during the viewing of a 5 min nature docu-

mentary shown before and after WS2. The electrocardiogram

was recorded using a NeurOne amplifier (Mega Electronics

Limited) and heart rate was calculated using the Matlab-

based Biosignals analysis package(36). The change in heart

rate was evaluated in two ways: by subtracting the mean

heart rate at rest before WS2 from the mean heart rate

during the B@W and by subtracting the mean heart rate at

rest after WS2 from the mean heart rate during the B@W.

Biochemical measurements

Blood samples were taken twice during each test session:

in the morning after the overnight fast and 2 h after the

breakfast (before WS2). Plasma for analyses of the total Trp

concentration and its ratio to other LNAA (valine, isoleucine,

leucine, tyrosine and phenylalanine) was collected in 5 ml

evacuated tubes containing sodium heparin (Venosafee

heparin tubes; Terumo Europe N.V.).

Salivary cortisol samples were collected three times during

the test sessions: in the morning and before and after WS2

with the Salivette sampling device (Sarstedt). Subjects were

instructed to gently chew the cotton swab for 1 min. The

cotton swabs were stored in Salivette tubes in the fridge

before being centrifuged at the end of the day at 1000 rpm

for 3 min. The Salivette tubes were stored at 2208C until the

salivary cortisol concentrations were measured with liquid

chromatography–tandem MS.

Data analysis

Primary variables measuring psychological coping with mental

workload were the indices calculated from the NASA-TLX, KSS

and modified POMS questionnaires. Physiological variables

(heart rate, salivary cortisol levels and plasma Trp:LNAA) as

well as work performance were secondary variables reflecting

mental workload. As the effects of the diet have not been

investigated in the Finnish Institute of Occupational Health’s

WS, the sample size was estimated based on other studies

using the same model(25,31,37). Data are expressed as medians

with interquartile ranges (IQR) and minimum and maximum

values. As the assumptions for parametric tests were not

met, non-parametric Friedman’s ANOVA was used as a

global test to compare the breakfast drinks HP, HC and

control. In the case of a significant global P value, post hoc

pairwise comparisons were performed using the Wilcoxon

signed-rank test. All three pairwise comparisons were con-

ducted: HP v. control; HC v. control; HP v. HC. Within-subject

changes (during breakfast v. before breakfast) were analysed,

when appropriate, such as for mood and biochemical vari-

ables. Within-subject changes during work-like tasks were

analysed for the KSS score and heart rate. P values of less

than 0·05 were considered as statistically significant. Statistical

analyses were performed with PASW Statistics 18 software

(SPSS, Inc.).

Table 3. NASA Task Load Index (visual analogue scale 0–100 mm) measured after the two successive
work-like computerised tasks (Symmetry Span (SS) test and Brain@Work (B@W) multitask test) with the
breakfast drinks of high protein, high carbohydrate and control in a 3 £ 3 cross-over trial (n 10)

(Medians, interquartile ranges (IQR), minimum and maximum values)

High protein High carbohydrate Control P (Friedman’s ANOVA)

SS
n 10 9 10
Median 59 57 61 0·46
IQR 46–67 39–60 49–66
Minimum–maximum 15–69 0–68 17–66

B@W
n 10 10 10
Median 47 48 53 0·67
IQR 33–66 34–62 39–67
Minimum–maximum 24–76 6–77 24–74
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Results

Mental workload

As shown in Table 3, during work-like tasks, subjective mental

workload did not differ significantly between the breakfast

conditions.

Sleepiness

Before WS2, the subjective feeling of sleepiness was at the same

level after all breakfast drinks: the median KSS value was

6·0 (minimum–maximum 4–8) after the HP drink, 6·0

(minimum–maximum 4–8) after the HC drink and 6·0 (mini-

mum–maximum 4–9) after the control drink. During WS2, a

significantly different (Friedman’s ANOVA P¼0·045) median

change in sleepiness was observed between the breakfasts

with the HC (21·5 (IQR 22·0 to 20·13), HP (20·4, (IQR

21·3–0·28) and control (20·5 (IQR 21·5–0·79) drinks. Pair-

wise comparisons showed that there was a significant difference

between the HC and control drinks (P¼0·021), but no differ-

ences between the HP and control drinks (P¼1·00) and the

HC and HP drinks (P¼0·086). The results are shown in Fig. 2.

Mood states

The feeling of well-being reduced significantly after the

control drink compared with the HP drink (Wilcoxon

signed-rank test P¼0·028), but there was no significant differ-

ence between the HC and control drinks (P¼0·36) or the

HC and HP drinks (P¼0·95). The median change was 24·4

(IQR210·0–4·4) after the HP drink, 25·0 (IQR 215·6–5)

after the HC drink and 213·1 (IQR 223·8 to 23·4) after the

control drink on a scale of 0–100. There were no significant

differences between the breakfast drinks in the changes of

mood subscales: tension, fatigue, obliviousness, depression,

irritability, inefficiency, insecurity and vigour.

Computerised work-like tasks

Performance in the B@W or SS measured as total points, maxi-

mum points and correct answers did not differ significantly

between the breakfast conditions (data not shown).

Heart rate

Heart rate increased during the B@W multitask test after the

HP drink (from median 63 (IQR 61–69) to 69 (IQR 63–72)

beats/min), after the HC drink (from median 61 (IQR 59–68)

to 66 (IQR 62–70) beats/min) and after the control drink (from

median 59 (IQR 58–63) to 65 (IQR 64–72) beats/min). The

median increase was 2·7 (IQR 0·03–6·4), 1·9 (IQR 21·5–5·3)

and 7·2 (IQR 4·5–8·7) beats/min for the HP, HC and control

drinks, respectively (Friedman’s ANOVA P¼0·030). Pairwise

comparisons yielded a significant difference between the HP

v. control drink (P¼0·017) and between the HC v. control

drink (P¼0·025), but not between the HP and HC drinks

(P¼0·67). Thus, the heart rate increased more after the control

breakfast when compared with the HP and HC drinks. The

results are shown in Table 4. Heart rate after the breakfast

drinks did not differ significantly when comparing changes

during and after the multitask.

Biochemical measurements

As shown in Table 5, 2 h following the breakfast, the plasma

Trp:LNAA ratio and the change in the Trp:LNAA ratio between

before and after the breakfast were significantly higher after

the HP and HC drinks (P,0·001) when compared with the

control drink. The HP and HC drinks increased plasma

Trp:LNAA by 30 % from the baseline when compared with

the control drink. There was no difference between the

study sessions in Trp concentration and Trp:LNAA after the

overnight fast. The salivary cortisol concentrations did not

differ between the breakfasts at any time points measured

(before and after WS2; Table 5).

Discussion

In the present study, we compared the effects of having either

a breakfast drink containing protein from whey or carbo-

hydrate from maltodextrin or having a control drink with a

very low energy content on coping with mental workload.

The breakfast drink with whey protein or carbohydrates sig-

nificantly attenuated the increase in heart rate during the WS

compared with the control drink. In addition, carbohydrates

reduced subjective sleepiness during the WS, whereas whey

protein increased the feeling of well-being when compared

with the control drink.

The present study demonstrated that healthy subjects ben-

efit from both whey protein and carbohydrates at breakfast

time following a continuous and challenging work per-

formance. We did not, however, find significant differences

in cognitive performance (working memory, visuospatial

working memory and divided attention) measured with dual

and multitasks. Also, previous studies showed only modest
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Fig. 2. Change in subjective sleepiness (1 ¼ very alert to 9 ¼ very sleepy)

when sleepiness during work simulation 2 was compared with sleepiness

before work simulation 2 after a high-protein (HP) drink, high-carbohydrate

(HC) drink and control breakfast. Boxes indicate the lower and upper quar-

tiles and the central line is the median. The upper and lower bars indicate the

maximum and minimum values, respectively. There was a significant differ-

ence between the study breakfasts (Friedman’s ANOVA P¼0·045). * The HC

drink decreased sleepiness significantly compared with the control breakfast

(P¼0·021, n 10).
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effects of a diet rich in Trp on cognition in healthy subjects.

The clearest support is on memory functions, but there are

no data on Trp effects on divided attention(9). In addition,

in healthy subjects, it is not clear whether a breakfast meal

elicits beneficial effects on cognition when compared with a

no-breakfast condition(6). In the present study, differing the

breakfast conditions affected coping with workload otherwise.

During the WS, subjects were less fatigued after the breakfast

high in carbohydrates when compared with the control break-

fast. The finding is in agreement with an earlier study in which

a glucose drink increased vigour compared with a non-energy

drink before and during a short-term but severe stress

Table 4. Heart rate (beats/min) recorded at rest before and after the Brain@Work (B@W) multitask test and
during the B@W multitask test with the breakfast drinks of high protein, high carbohydrate and control in a 3 £ 3
cross-over trial (n 10)

(Medians, interquartile ranges (IQR), minimum and maximum values)

High protein High carbohydrate Control P (Friedman’s ANOVA)

Before (at rest)
Median 62·6* 61·5* 60·0 0·03
IQR 60·9–68·6 59·0–67·8 57·7–62·6
Minimum–maximum 55·2–75·8 58·1–71·2 53·5–67·2

During B@W
Median 68·5 66·5 64·7 0·5
IQR 63·0–71·8 62·5–70·1 63·5–71·7
Minimum–maximum 54·7–79·3 58·2–83·3 62·0–84·7

After (at rest)
Median 64·5 65·1 64·1 0·9
IQR 60·5–70·7 61·5–68·3 61·7–68·8
Minimum–maximum 55·6–73·4 56·0–69·5 59·5–73·9

Change (during–before)
Median 2·7* 1·9* 7·2 0·03
IQR 0·8–7·7 21·5–5·3 3·9–9·6
Minimum–maximum 27·5–10·4 24·3–11·0 3·0–18·5

Change (after–during)
Median 22·1 21·8 21·7 0·5
IQR 24·6–1·0 22·6 to 21·8 24·7–0·6
Minimum–maximum 27·0–1·4 24·4–4·3 216·8–4·7

* Median values were significantly different in pairwise comparison with the control breakfast (P,0·05).

Table 5. Plasma ratio of tryptophan (Trp) to other large neutral amino acids (LNAA) before and 2 h after
the high-protein (HP), high-carbohydrate (HC) and control breakfast drinks and salivary cortisol before and
after work simulation 2 (WS2) in a 3 £ 3 cross-over trial (n 10)

(Medians, interquartile ranges (IQR), minimum and maximum values)

HP HC Control P (Friedman’s ANOVA)

Trp:LNAA (mmol/l)/(mmol/l)
Before breakfast

Median 0·10 0·10 0·11 0·67
IQR 0·09–0·12 0·09–0·11 0·09–0·12
Minimum–maximum 0·09–0·14 0·08–0·13 0·09–0·14

After breakfast
Median 0·13 0·13 0·10 ,0·001
IQR 0·11–0·16 0·10–0·15 0·09–0·12
Minimum–maximum 0·10–0·17 0·01–0·15 0·08–0·12

Change
Median 0·03 0·03 0·00 ,0·001
IQR 0·02–0·05 0·02–0·04 20·01–0·01
Minimum–maximum 0·01–0·06 0·01–0·06 20·02–0·02

Cortisol (nmol/l)
Before WS2

Median 3·0 2·4 4·3 0·20
IQR 2·08–4·75 2·15–5·15 2·98–8·00
Minimum–maximum 1·8–10·1 2·0–6·1 2·7–16·4

After WS2
Median 2·3 2·4 3·2 0·82
IQR 1·7–4·7 1·6–3·7 1·8–4·7
Minimum–maximum 1·1–5·9 1·2–4·3 1·1–18·1

Change
Median 20·7 20·8 21·1 0·91
IQR 21·7–0·2 21·5–0·2 21·9–0·5
Minimum–maximum 24·2–1·8 23·5–2·1 23·7–5·7
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exposure(13). It thus seems that the effects of carbohydrates

are not exclusive for severe stress, but can improve mood

before stress onset(13) and during work-like tasks when com-

pared with placebo.

In addition to decreased sleepiness, the nutritive breakfast

seemed to promote a positive change in subjective well-

being: the breakfast drink high in whey protein increased

the feeling of well-being (pleased, relaxed, vigour and satis-

fied) when compared with the control drink. An earlier

study by Boelsma et al.(30) also assessed postprandial wellness

in healthy subjects and showed that in non-stress conditions, a

meal high in whey protein increases subjective well-being 3–

4 h after the meal when compared with a high-carbohydrate

meal. The postprandial well-being effects of the whey protein

meal were explained with higher cholekystokinin and lower

ghrelin plasma concentrations(30). The present study showed

a positive influence of whey protein on postprandial well-

being during the WS 1 h after the breakfast, and we can

only speculate the role of metabolic responses of the breakfast

drinks since gut hormones, for instance, were not studied.

Studies on the effects of whey protein on stress have mostly

shown results in the reduction of negative feelings in stress-

vulnerable subjects(14,16) or with large changes in the

Trp:LNAA ratio(38,39).

The mental workload index, NASA-TLX, is the most used

and best known among questionnaires assessing subjectively

experienced mental workload in several study fields(40).

However, as far as we know, there are no previous studies

investigating the effect of the diet on mental workload using

the NASA-TLX. In the present study, after the intake of the

non-nutritive control drink, work-like dual and multitasks

were considered the most loading. However, the difference

compared with the HP and HC breakfasts was not significant,

and there were also a large individual variation in NASA-TLX

results, which is often seen with measures based on subjective

questionnaire scales.

Heart rate and heart rate variability are widely used as

indicators of physiological stress(35). Following the control

drink, the subjects’ heart rates increased more in the WS

with challenging work-like multitasks compared with the

carbohydrate and protein drink conditions, suggesting that

the HP and HC breakfasts may attenuate physiological stress

occurring during a demanding work day. The results from

the salivary cortisol analyses show that the WS did not cause

serious stress to healthy subjects. Although salivary cortisol is

a routinely used biomarker of psychological stress, there are

several possible sources of variance that may affect this

measure(41), and the findings from studies investigating the

associations between workplace stress and cortisol secretion

are inconsistent(42). In earlier studies showing a decrease in cor-

tisol levels with diet manipulation, study designs were planned

to cause serious stress and subjects were stress-vulnerable(16).

In the present study, we measured mood and subjective

workload alongside objective cognitive and physiological

measures. There are some factors that may account for the

results. First of all, the 30 % increase in plasma Trp:LNAA

observed after the carbohydrate and whey protein drinks

when compared with the control drink may not have been

sufficient for more pronounced study outcomes in subjects

who were not necessarily stress-prone (this was not tested)

and in design where the acute stress test was not used.

In earlier interventions, which have shown improvement

in stress performance or mood, whey protein-derived

a-lactalbumin has been compared with another milk protein,

casein(16,17,18). Casein decreases the Trp:LNAA-ratio, which

influences negatively stress performance when compared

with a-lactalbumin(16). Some studies have shown that the

Trp:LNAA ratio should increase 40–50 % in order to induce a

sufficient change in Trp availability and 5-HT synthesis. It

has also been suggested that this is not enough, but even

greater changes may be needed to detect any behavioural

changes(42). In the present study, a-lactalbumin was in its

natural proportion in whey protein. Consequently, it may be

that the a-lactalbumin content in the protein drink was not

high enough to cause larger differences in the Trp:LNAA ratio.

Second, the breakfasts provided to subjects in the present

study were in liquid form. It may be that a solid breakfast

would have had stronger effects on work performance due

to slower gastric emptying(6). Also, the individual habits may

affect the results. It has been proposed that the macronutrient

composition closest to that habitually consumed would result

in best cognitive performance(5). Thus, future studies may

have an advantage of adapting the experimental breakfast

to individual habits and preferences, such as energy content

and texture.

Different macronutrients may differ in their time of influ-

ence(43). We observed the performance in multitasks 180 min

post-ingestion. In previous studies, the clearest cognitive

effect of differing breakfast qualities has been shown in the

late morning (130 and 200 min)(12), whereas in breakfast v.

no-breakfast conditions, the effect was found at 60 min after

the consumption. Dye et al.(6) reviewed that the peak

response to diet-induced mood change occurs 120 min after

the consumption. We assessed the mood at about 60 min

after the breakfast.

In addition to timing, the difficulty level of the cognitive

tasks and the cognitive domains measured need to be

considered. According to Hoyland et al.(5), it is difficult to

conclude which specific cognitive domains are the most sen-

sitive to nutritional manipulations at breakfast time, although

there is most abundant support for effects on memory. More-

over, the effects of macronutrient manipulations have been the

most evident in demanding cognitive performance settings(12).

We used dual and multitasks (B@W and SS), which have been

shown to improve sensitivity compared with a single-task

paradigm since subjects are forced to divide their attention,

thereby increasing task demand. The subtasks of these

work-like tests have been used in previous nutrition inter-

ventions(12), and dual and multitasks (SS and B@W) have

been shown to be sensitive tests in sleep deprivation

studies(31), having the capacity to detect changes in working

memory and attention.

Mental workload depends on the demands of the tasks,

the individual functional state of the brain and the physiology

of the autonomous nervous system, which are affected by,

for example, stress and alertness(36). In the present study,
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the demands of the cognitive tasks were set at an individual

level for each subject and were kept constant throughout all

the three study sessions. The analysis showed that there

were significant differences in multitask performance between

the three study sessions so that performance in work-like tasks

improved in every study session. Thus, it seems that the indi-

vidual task level was not set high enough for a cross-over

design, which made the WS less challenging than it was

intended to be.

Finally, we studied ten young healthy subjects which is a

challenging population since they are less sensitive to nutri-

tional variables than subclinical populations (e.g. recovered

depressed, stress-vulnerable, highly anxious or impulsive sub-

jects or subjects with sleep complaints) studied in previous

studies(16–18,42,44–46). In these populations, brain 5-HT levels

and function are declined, causing 5-HT sensitisation that

makes the brain more vulnerable to dietary Trp:LNAA altera-

tions(16). Also, healthy subjects may become vulnerable to

nutritional alterations in continuous and mentally challenging

work performance, but probably not as much as the subclini-

cal population. The majority of the subjects in the present

study were women, which may affect the results. It has been

shown previously that the cortisol response to stress in women

and men may differ(47). Men show a larger cortisol response

than women, and particularly if a woman is taking contracep-

tives. In the present study, three of the seven women used

oral contraceptives. We did not perform detailed analysis on

sex differences as the sample size in the present study was rela-

tively small. In addition to sex, although the subjects were appar-

ently similar (according to the exclusion and inclusion criteria),

the results show that there were rather large inter-individual

differences in responses to the different breakfasts.

Conclusions

We conclude that in healthy subjects, a nutritive breakfast

drink high in whey protein or carbohydrates may reduce slee-

piness, improve subjective well-being and reduce the effects

of workload on heart rate compared with a non-nutritive

breakfast, and may thus aid in good task performance.
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