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Abstract

Mouse models show that experimental stress mimicking prolonged life-stress exposure

enhances neurogenic inflammation, induces adaptive immunity cytokine-imbalance character-

ized by a shift to Type 1 T-helper cell cytokines and increases apoptosis of epithelial cells. This

affects hair growth in otherwise healthy animals. In this study, we investigate whether a pro-

longed naturalistic life-stress exposure affects cytokine balance and hair parameters in healthy

humans. 33 (18 exam, 15 comparison) female medical students with comparable sociobiologi-

cal status were analyzed during a stressful final examination period, at three points in time (T)

12 weeks apart. T1 was before start of the learning period, T2 between the three-day written

exam and an oral examination, and T3 after a 12 week rest and recovery from the stress of the

examination period. Assessments included: self-reported distress and coping strategies (Per-

ceived Stress Questionnaire [PSQ], Trier Inventory for the Assessment of Chronic Stress

[TICS]), COPE), cytokines in supernatants of stimulated peripheral blood mononucleocytes

(PBMCs), and trichogram (hair cycle and pigmentation analysis). Comparison between stu-

dents participating in the final medical exam at T2 and non-exam students, revealed signifi-

cantly higher stress perception in exam students. Time-wise comparison revealed that stress

level, TH1/TH2 cytokine balance and hair parameters changed significantly from T1 to T2 in

the exam group, but not the control. However, no group differences were found for cytokine

balance or hair parameters at T2. The study concludes that in humans, naturalistic stress, as

perceived during participation in a major medical exam, has the potential to shift the immune

response to TH1 and transiently hamper hair growth, but these changes stay within a physio-

logical range. Findings are instructive for patients suffering from hair loss in times of high

stress. Replication in larger and more diverse sample populations is required, to assess suit-

ability of trichogram analysis as biological outcome for stress studies.
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Introduction

Attempts to define clinical outcomes for the study of deleterious psycho-social stress have

occupied multiple researchers over the past decades [1–3]. The skin contains a mini-organ, the

hair follicle (HF), which is subjected to life-long remodeling via the hair cycle. Experimental

animal models suggest that perceived stress can trigger neuroendocrine-immune changes,

which interfere with the organism’s tissue regenerative capacity such that in young female

mice, prolonged noise- or restraint stress paradigms provoke neurogenic inflammation and

subsequent HF regression (catagen).

In humans, hair loss is often reported clinically during periods of excessive stress [4–6].

Hair loss may indicate underlying organic disease, however, frequently no organic distur-

bances can be found, which can be disturbing for hair loss patients and their doctors. It

was therefor hypothesized that analagous to the animal models, in humans, stress activates

neuroendocrine-immune circuits [7], which terminate hair growth in the absence of other

clincally noticable health disturbances [8, 9]. Such circuits in mice involve the dense pepti-

dergic innervation of organs at the self-environment interface (e.g. skin, gut, lungs) and its

interaction with mast cells [10]. The subsequent activation of the later is a common mech-

anism in response to a wide variety of stressors, including psycho-social stress. In the wake

of stressful events, cytokines which regulate innate and adaptive immune responses are

released. These include tumor necrosis factor alpha (TNFα) or interferon gamma (IFNγ)

[2]. Under conditions of stress they participate in cellular adaptive immune responses tra-

ditionally addressed as T-helper cell Type 1 (TH1). As a consequence, in response to pro-

longed stress-exposure in otherwise healthy animals, epithelial and mesenchymal cells in

the skin are driven into apoptosis [11, 12] or senescence [13] and premature termination

of hair growth occurs [14, 15].

There is a large body of research relating to stress and inflammation in animals and

humans, that extensively examines cytokines and other pro-inflammatory effects of stress

[1, 2, 8, 16–18]. Only a small number of human studies have addressed the association

between stress, immune response and tissue regeneration in healthy, non-wounded

humans, under prolonged, real life-stress exposure [16, 19–22]. As a result, no scientific

evidence for stress-induced hair loss in humans is available to date. Hair analysis as an

indicator for stress in studies of human subjects therefor remains to be explored. In an

attempt to fill this gap and relate previous mouse studies to humans, we investigated the

proposed hypothesis through trichogram analysis in a pilot study. The sample population

was designed to match the experimental set-up previously reported in murine studies on

stress and hair: healthy, young, sociobiologically similar females under prolonged stress-

exposure [23]. Specifically, we asked if prolonged life-stress exposure, induced by the prep-

aration for and participation in the final medical exam, had the capacity to induce prema-

ture HF regression in female medical students, as compared to points in time outside the

exam-period or to non-exam students.

To test this hypothesis, we opted for a non-invasive sampling approach (trichogram).

This established an ethical and sustainable method suitable for field studies. Further, we

assessed the suitability of the ‘Perceived Stress Questionnaire’ (PSQ), the ‘Trier Inventory

for the Assessment of Chronic Stress’ (TICS) and the ‘COPE’ for the assessment of stress

perception and coping strategies in this context, and of peripheral blood mononucleocyte

(PBMC) cytokine production for the assessment of changes in cytokine balance between T-

helper cell Type 1 (TH1) cytokines (TNFα, IFNγ) and TH2 cytokines (interleukin 4 [IL4],

IL5). Using this quasi experimental, naturalistic approach, we partially confirmed our

hypothesis.
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Materials and methods

Ethics and recruitment of participants

The study was conducted in accordance with the Declaration of Helsinki and approved by the

ethics committee of the Charité-Universitätsmedizin, Berlin, Germany and the ethics commit-

tee of the Justus-Liebig University, Gießen, Germany. For this pilot study, a homogeneous

sample was recruited to meet the ethical requirement to keep the pilot study sample as small as

possible. Participants were recruited through an advertisement on a digital university notice

board. After a telephone interview, to clarify inclusion and exclusion criteria, participants who

provided written informed consent were enrolled.

Inclusion and exclusion criteria

The study used the following inclusion and exclusion criteria: Caucasian female, medical stu-

dent, aged between 18 and 48; all hair colors except for gray; hair length long enough to pluck

(at least 2 cm); no haircuts or hair dye in the week prior to first examination or during the

observation period; no hormonal or endocrine oral medication including corticosteroids, anti-

hypertensives, contraceptives, anti-depressants, pain killers a.o.; no topical medication affect-

ing the neuro-endocrine systems such as cortisol or nicotine; no reported chronic disease

requiring medical attention including obesity, hypertension, metabolic disease, allergic disease,

mental disorder; no excessive coffee (more than two cups per day), tea, tobacco or alcohol con-

sumption; no excessive physical activity; no coffee, tea, nicotine or sports on the morning of

data collection; no acute infection; not pregnant; no additional severe life-stress during the

observation period (e.g., death of a family member); technical issues (e.g., blood lysis contami-

nation). Study participants were aged between 21–32 years (MW 25.91 +/- SD 2.27); had a

body mass index between 18–28 (MW 21.39 +/- SD 2.13) (Table 1); had blond to light brown

natural hair color and mostly shoulder length or longer hair. Most of the study participants

lived with other students or family, were unmarried but in a partnership, were socially active

and had sufficient financial support from the government or their parents. Study participants

generally lived under typical conditions for a student in the city center of Berlin and were men-

tally healthy [24], [25], [26], [27]. No differences between groups, or between points in time,

were found in the analysis of these dimensions. All of the study participants passed the exam,

and were satisfied with their level of academic achievement.

Life-stress paradigm and sample size determinants

With respect to the choice of a life-stress paradigm, we considered the expected effects of

highly acute experimental paradigms such as the Trier Social Stress Test (TSS) to be too short

lived, and too mild to alter hair growth. Highly acute stress paradigms were shown to increase

salivary- but not hair-cortisol [28] while prolonged distress paradigms have the opposite effect

[29]. We therefor expected major stress to more strongly affect hair biology than highly acute

stress paradigms. Populations affected by chronic and severe stress paradigms such as trau-

matic experience, work related stress or the stress of care giving [30–33] appeared too diverse

to meet the requirement of a small, sociobiologically homogeneous pilot sample population.

We therefor chose the final exam for German medical students, as a naturalistic paradigm for

perceived stress in life [34–37]. This exam requires 12 weeks of focused preparation for the

written part, which consists of three consecutive days with 5 hours of multiple-choice testing

each day, covering all clinical medical fields. Students have only two attempts to pass this

exam. Hence, the students are exposed to exam preparation and performance stress over a pro-

longed period of time.

Stress and human hair
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Students participating in the final medical examination are subsequently termed the ‘exam

group´ and compared with students who participated in a regular semester termed the ‘com-

parison group´ (Fig 1). Minimum required subject numbers of 15 participants per group were

calculated by power analysis based on results from other stress studies using comparable out-

come measures and reporting at least medium size effects (e.g. [38–42]). A total of 41 students

matched the inclusion and exclusion criteria, none of whom dropped out, but 8 had to be

excluded from final data analysis due to random presence of exclusion criteria at one of the

assessments. This resulted in a final total sample population of 33 study participants, 18 of

which were exam and 15 comparison group students.

Points in time of data acquisition and conditions of sampling

Final medical exams in Germany are scheduled twice a year, one in April and the other in

October. In our study, questionnaires, blood samples and hair plucks were collected at three

assessment points in time, each 12 weeks apart: T1—January, baseline, twelve weeks prior to

the exam and before the learning period started (referred to as baseline or ‘exam preparation

period´); T2—April, within the first and second week after the written part of the exam and

before test results were released (referred to as ‘exam performance period´); T3—July, twelve

weeks after the completion of the exam (referred to as ‘relaxation/regenerative period´). In the

comparison group, assessments were conducted in parallel. Participants were monitored for

estrous cycle and invited for investigation during identical phases. For each assessment,

Table 1. Demographic and self-report mental health baseline characteristics of study participants.

full sample exam group comparison group

mean sd mean sd mean sd p

age in years 25.91 ± 2.27 27.00 ± 1.00 24.60 ± 2.65 0.00

BMI 21.32 ± 2.19 21.60 ± 2.34 20.98 ± 1.93 0.43

hours of physical activity

per week

1.89 ± 2.19 2.03 ± 2.02 1.73 ± 2.36 0.71

hours of leisure activity

per week

5.55 ± 4.55 5.67 ± 4.52 5.40 ± 4.59 0.87

cigarettes per day 0.38 ± 1.72 0.67 ± 2.29 0.03 ± 0.12 0.30

cups of coffee / tea per day 2.55 ± 1.74 2.75 ± 1.67 2.36 ± 1.79 0.57

HADS depression

(cut-off 8 out of 21)*
2.64 ± 2.41 3.00 ± 2.69 2.20 ± 1.94 0.36

HADS anxiety

(cut-off 8 out of 21)*
5.58 ± 3.09 6.39 ± 3.30 4.60 ± 2.50 0.10

SOMS symptoms (cut-of females 9 out of 53)# 8.94 ± 6.66 8.22 ± 6.14 9.80 ± 7.13 0.51

DHUS hassels$ 3.42 ± 2.17 3.11 ± 2.54 3.80 ± 1.56 0.38

IES sum score§ 8.79 ± 13.17 9.83 ± 14.63 7.53 ± 11.04 0.63

Note that all participants were female and did not take oral or topical medication affecting the neuro-endocrine systems. P-values refer to comparison

between exam (N = 18) and comparison group (N = 15). Significant differences are bold.

*[24],
#[25],
$[26],
§[27].

https://doi.org/10.1371/journal.pone.0175904.t001
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Fig 1. Assessment of stress perception and acquisition of samples to assess biological outcomes in exam versus comparison students.

Note that T2 took place within the first two weeks after the written and before the oral part of the exam. A salivary cortisol profile was obtained the day

prior to T2 to confirm altered cortisol diurnal profile in the exam group. In addition to assessing subacute stress perception, participants were assessed

for mental health, other parameters of psychological strain and coping/resources, to ensure good health and resourcefulness. Abbreviations: COPE—

Stress and human hair
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students were invited to come to our psychoneuroimmunology laboratory in groups of six to

eight participants at 8 o´clock in the morning. Blood and hair specimens were taken in a quiet

atmosphere 30 min after arrival in the laboratory and 10 min before the study questionnaires

were distributed. Salivary samples were obtained the day before T2 under real life conditions

as described in detail below. Each participant received 200 Euros upon finalization of

participation.

Assessment of self-reported stress perception

All questionnaires employed were administered in German, using the versions as abbreviated

below and presented to all participants at all investigation points in time as indicated in Fig 1

and Fig 2. We used: the ‘Daily Hassles and Uplifts Scales’ (DHUS) [43, 44] to assess highly

acute stress perception; two subscales of the ‘Perceived Stress Questionnaire’ (PSQ), a ques-

tionnaire frequently used for the assessment of stress-hypersensitivity in individuals with med-

ical conditions [45–48], to address more (sub)acute stress-related modulations of mood and

wellbeing (‘tension´ and ‘joy´) over the four weeks preceding the assessment [45, 49]; the sum

score and a subscale of the ‘Trier Inventory for the Assessment of Chronic Stress’ (TICS) to

assess chronic stress and work-strain perception over the 12 weeks preceding the assessment

[50, 51]; the ‘COPE’ for the assessment of coping strategies and resources [52]; the ‘Impact of

Event Scale’ (IES) to rule out chronic major stress effects as a result of any traumatizing life

experiences [53]; the ‘Hospital Anxiety and Depression Scale’ (HADS) [54] to rule out depres-

sion and anxiety values above cut-offs; the ‘Screening for Somatoform Symptoms’ (SOMS)

[55] to rule out somatization symptoms. In addition, we included items on basic socio-demo-

graphic data such as year of birth, socio-economic status, and health related-issues such as

medication.

Saliva sample processing

As a substantial number of studies have failed to show correlations between simultaneously

measured cortisol in blood, saliva and target tissue, we considered single point measurements

in blood and saliva unsuitable to describe the prolonged stress elicited by final medical exam

preparation and participation. We therefor decided to monitor the diurnal cortisol profile at

T2 to assess baseline HPA reactivity during the exam performance period. Saliva was sampled

with the help of salivettes (Sarstedt, Rommelsdorf, Germany) on the day before T2. Study par-

ticipants were instructed to collect four saliva samples: 30 min after getting up, 60 min after

getting up, 90 minutes after getting up and in the evening, 4 hrs before going to bed (Fig 2).

Cortisol was measured using human cortisol ELISA kit for saliva (IBL International1, Ham-

burg, Germany; minimum detection level 0.003 μg/dl; results are given in μg/dl) following the

manufacturer’s instructions and previous publications [56–59].

Blood sample processing

Cytokines released in response to stress can be detected both in target organs such as the skin,

as well as in cells of the peripheral blood [12, 60–62]. As skin sampling is invasive, we chose to

sample blood. Blood samples were immediately processed for further Cytometrix Bead Array

analysis (CBA; Bender MedSystems, eBioscience, Frankfurt, Germany). Heparinized blood

coping strategies, DHUS—Daily Hassles and Uplifts Scales (Kanner et al., 1981), HADS—Hospital Anxiety and Depression Scale, IES—Impact of

Event Scale, PSQ—Perceived Stress Questionnaire, SOMS—Screening for Somatoform Symptoms, TICS—Trier Inventory for the Assessment of

Chronic Stress.

https://doi.org/10.1371/journal.pone.0175904.g001
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Fig 2. Self report assessment of stress perception and emotional strain in female medical students during

their final exam. Graphs (a)-(f) show self-report data assessed at the following points in time (T): baseline, twelve

weeks prior to the exam and before the learning period started (1); within the first and second week after the written

part of the exam and before test results were released (2); and twelve weeks after the completion of the exam (3).

Graph (g) shows cortisol measurements in saliva samples taken on the day prior to T2. Samples were processed to

assess diurnal cortisol secretion as described below in the Materials and Methods section. (a)-(g): N = 18 in exam

Stress and human hair
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was diluted in sterile PBS (PAA Laboratories GmbH, Pasching, Austria) at room temperature

underplayed with Biocoll Separating Solution (Biocoll, Biochrome AG, Berlin, Germany) and

centrifuged to obtain peripheral blood mononuclear cells (PBMCs) in the interphase. Cells

were diluted to a final concentration of 1.25�106 and stimulated in duplicates with phytohe-

magglutinin (PHA, lectin from Phaseolus vulgaris; Sigma, Sigma-Aldrich Corporation,

St. Louis, MO, USA), PMI (mix of ionomycin and PMA; Sigma) and concanavalin A (ConA,

lectin from Canavalia ensiformis = Jack bean; Sigma) or AIM V1 (Gibco1, Life Technolo-

gies™ GmbH, Darmstadt, Germany). Supernatants were collected and stored at -80˚Celsius

until further processing. Cytometric Bead Array analysis was performed after completion of

sample acquisition using a fluorescent activated cell sorter (FACS, FACSCaliburTM, Becton).

The supernatants were thawed and handled as described by the manufacturer (Bender Med-

Systems). The cytokine concentrations were calculated using FlowCytomixPro™ 2.4 software

(Bender MedSystems). The minima/maxima of the cytokine concentrations [pg/ml] were as

follows: IL4: 0.000/0.281; IL5: 0.000/1.568; IFNγ: 1.265/16.791; and TNFα: 0.248/35.549. Indi-

vidual cytokine measurements were recalculated in relation to the mean (individual cytokine

measurement = [100/mean of all cytokine measurements in pg/ml]�individual cytokine mea-

surement in pg/ml). The sum of IFNγ and TNFα was than divided by the sum of IL4 and IL5

per participant and point in time; thus, levels above 100 correspond to TH1, and levels below

100 to TH2 response as shown in Fig 3.

Trichogram acquisition and evaluation

The 12 weeks between the investigation times, matched not only with the academic schedule

but also with the naturally occurring chronobiological dynamics of hair growth. The following

considerations apply: the hair cycle is a model system for the study of tissue regeneration pro-

cesses in general. HF continuously cycle through stages of regression of the entire hair produc-

ing apparatus (catagen), relative quiescence (telogen) and it´s regeneration (anagen). In

healthy humans under regular life conditions approximately 10% of all scalp HF are in telogen,

while 80–90% are in anagen and equipped with actively pigment producing melanocytes [63–

65]. A rise in telogen percentage of up to 30% was reported e.g. in response to biological stress-

ors such as surgery or acute inflammation [5] but also in monkeys exposed to sever housing

stress [66]. In murine synchronized hair growth, psycho-social stress was shown to increase

the telogen rate [67] by provoking premature catagen [68], whereby the length of the prema-

turely induced regression phase and the following telogen was not affected. Catagen in humans

lasts for two to three weeks and telogen for approximately 10–12 weeks. If the length of these

phases is as fixed in humans as it is in mice, morphologically discernible catagen and telogen

induction in trichogram analysis in humans can be expected to occur within weeks after

stress-exposure while full recovery of hair growth can be expected approximately 12 weeks

after induction of regression.

To collect hair tips for respective analysis, all participants were asked not to wash and comb

their hair for 3 days before the assessment, in order not to accidentally remove loose hair.

Approximately 100 hairs per participant and assessment point in time were plucked according

to previously published routine trichogram protocols [63, 69]. Briefly, a row of hairs from the

temporal scalp, where hair growth is hormone-independent, was fastened by the distal end

group, N = 15 in comparison group. Mean values and SEM are shown. Mann Whitney U tests were used to examine

differences between group means at distinct points in time, Kruskal-Wallis tests with post-hoc Dunn’s tests corrected

for multiple comparisons to examine differences between different points in time within one group. P-values < 0.1 –

one asterix in brackets, <0.05 –one asterix, < 0.01—two asterix, < 0.001—three asterix.

https://doi.org/10.1371/journal.pone.0175904.g002
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Fig 3. Assessment of immune mediators in female medical students during their final exam. (a)-(e):

N = 18 in exam group, N = 15 in comparison group. Mann Whitney U tests were used to examine differences

between group means at distinct points in time, Kruskal-Wallis tests with post-hoc Dunn’s tests corrected for

multiple comparisons to examine differences between different points in time within one group. Mean values

and SEM are shown. P-values < 0.1 –one asterix in brackets, <0.05 –one asterix, < 0.01—two asterix.

https://doi.org/10.1371/journal.pone.0175904.g003
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with a rubber coated surgical clamp always in the same location. It was than plucked in one

swift movement, a procedure which leaves no visible traces and only induces a brief pain,

which subsides within seconds after plucking and is usually well tolerated. Plucking was done

by or under supervision of an experienced dermatologist (EP), and care was taken to minimize

pulling artifacts. It is generally recommended the sampling procedure be performed by skilled

and well trained personnel.

Analyses of hair cycle stage and hair pigmentation were performed by two independent

investigators on digital photographs taken with a MOTIC BA 400 (Motic, Wetzlar, Germany)

at 200-fold magnification. By plucking hair, the tip comes from the follicle with its associated

sheaths (inner and outer root sheath) and part of the hair bulb, but leaves the bulk of the proxi-

mal hair bulb in the skin. For hair cycle staging, hair tips were classified as in anagen, if a vigor-

ous thick tip was attached to the plucked hair according to standardized classification

protocols (e.g. [65, 70]) and as shown in Fig 4. Hair tips were classified as in telogen, if the clas-

sical club hair appearance was present. Hair tips that showed neither anagen nor telogen mor-

phology were considered to represent mainly catagen/dystrophic HF. Hair tips with a classical

club hair morphology were classified as telogen. Based on the number of HF present in the

individual total hair sample, the percentages of anagen, telogen and catagen HF were calcu-

lated to assess the degree of tissue regeneration capacity in the participant.

As the plucked hair tip is normally hidden inside the scalp skin, it is not affected by hair

dyes. Reduced pigmentation of plucked hair tips is present when HF enter the transgression

from anagen to catagen. This can serve as a very early indicator of HF regression prior to other

morphologically discernible changes of the hair tip [71] and long before the HF has ceased to

produce a hair shaft and the characteristic telogen club hair morphology can be observed. To

monitor cessation of pigment production at the onset of HF regression, pigmentation was

therefore studied in addition to hair cycle staging, as described previously. Analysis was done

by histomorphometric assessment, recording fully pigmented HF as such and HF with diluted

pigmentation as depigmented (Fig 4) [72].

Statistical analysis

For self-reported data, ordinal items were transformed to a scale ranging from 0 (minimum

value, e.g., "do not agree at all") to 100 points (maximum value, e.g., "fully agree"), where appli-

cable. The category "does not apply" and item non-response were coded as missing values

which were treated as such and no imputation techniques were used. Calculation of the TH1/

TH2 ratio was done as described previously [46, 73]. Statistical analyses were conducted using

the IBM SPSS Statistics, Version 22.0.0.2 for Windows software (Armonk, NY, USA) or

GraphPad Prism for Windows, version 6.05 (GraphPad Software, La Jolla, CA, USA, www.

graphpad.com). All values are shown as the mean and standard deviation (SD) per group and

point in time. We expected stress perception and biological measures to differ between groups

during exam performance (T2). We also expected stress perception and biological measures to

change significantly from baseline (T1) to T2 and from T2 to relaxation (T3) in the experimen-

tal group but not in the comparison group. After testing for outliers and normal distribution,

the following analyses were performed to confirm these hypothesis: Mann Whitney U tests to

examine whether there were differences between group means at distinct points in time, and

Kruskal-Wallis tests with post-hoc Dunn’s tests corrected for multiple comparisons to examine

whether there were differences between different points in time within one group. In addition,

the hair measure with clearest difference between exam and comparison group at T2 (pigmen-

tation) was correlated to peak salivary cortisol levels (point in time 2). All p-values given were

two-tailed, p-values of less than 0.05 were considered significant, p-values between 0.05 and
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Fig 4. Assessment of hair cycle progression and pigmentation in female medical students during

their final exam. (a): representative photomicrographs illustrate morphology of HF in the respective hair cycle

and pigmentation state. (b)-(e): N = 18 in exam group, N = 15 in comparison group. Mann Whitney U tests

were used to examine differences between group means at distinct points in time, Kruskal-Wallis tests with
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0.1 are reported as trends. As potential covariates such as sex, age and BMI were controlled for

by the study design, these were not included in the analysis. The only exception was age, which

differed between the groups by two years because the comparison group students were less

advanced in their studies and hence, younger (Table 1). Controlling for outliers or age did not

change any of the reported results nor did calculation with the datasets of all 41 included par-

ticipants, which are therefore reported unadjusted and focused on volunteers to which no

exclusion criteria applied. All results are shown in the figures and tables.

Results

In this section we report the observed inter-group and inter-time-point differences for each

reported psychological and biological measure comparing healthy female medical students

exposed to major exam stress with an unstressed comparison group and comparing non-stress

to stress points in time across the following dimensions (Table 1, Fig 1): a) self-report data

(Fig 2), b) immune data (Fig 3) and c) data on hair cycling and pigmentation (Fig 4).

Exam stress associates with tension, lack of joy and work discontent

Group-wise comparisons at T1 (exam preparation period), T2 (exam performance period) and

T3 (relaxation/regenerative period) respectively revealed a significant difference between

exam and comparison students at T2 for PSQ ‘tension´ (higher) and ‘joy´ (lower) and TICS

‘work discontent´ (higher) (Fig 2). Hence, the exam students report higher stress perception

over the 4–12 weeks prior to assessment. In addition, levels of the COPE summary score

(lower) showed a trend at T2 (Fig 2). Twelve weeks prior to (T1) or after the exam (T3) the

two groups did not differ significantly in any of these measures. Pair-wise analysis comparing

points in time within the groups revealed a significant change over time from the exam to

relaxation (T2 to T3) for ‘joy´ (rise), ‘tension´ and ‘work discontent´ (drop) (Fig 2) within the

exam group only. We also found a trend in the change from T2 to T3 for COPE ‘avoidant cop-

ing´ (Fig 2). COPE ‘avoidant coping´ and PSQ ‘tension´ scored lower than the comparison

group at T3 (Fig 2), indicating a noticeable relief from exam stress 12 weeks after successful

participation. No significant time-wise changes were found within the comparison group (Fig

2). The German final medical exam therefore proved to be a valid stress paradigm for our

study, whereby stress was measured over a prolonged period of time. The measurement at 12

weeks after the exam differed more noticeably from the exam situation than the measurement

at 12 weeks before the exam. To verify the presence of prolonged stress exposure at T2 in the

neuroendocrine dimension, hypothalamus pituitary adrenal axis (HPA) baseline activity was

assessed by monitoring the diurnal salivary cortisol profile. Comparison between exam and

comparison group students at T2 revealed a significantly attenuated diurnal salivary cortisol

rise in exam students indicating an attenuated HPA activity as reported previously under

other prolonged stress conditions [74, 75].

TH1/TH2 ratio rises in exam students

Group-wise comparison of individual cytokine levels and TH1/TH2 ratio at T1, T2 and T3

respectively detected only one significant difference between the groups, which was a higher

post-hoc Dunn’s tests corrected for multiple comparisons to examine differences between different points in

time within one group. Mean values and SEM are shown. P-values < 0.1 –one asterix in brackets, <0.05 –one

asterix. Note that some seasonal fluctuations can be observed in the comparison group students. (f) and (g)

Pearson correlation of hair pigmentation at T2 with peak salivary cortisol level (point in time 2) shown in Fig 2

in exam group participants (f) and comparison group participants (g).

https://doi.org/10.1371/journal.pone.0175904.g004
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level of TNFα at T1 in the exam group, and one trend, which was a higher level IFNγ at T3 in

the exam group (Fig 3). Pair-wise analysis comparing points in time within the groups

detected a trend in the TH1/TH2 ratio rise from T1 to T2 in the exam group only (Fig 3). This

appeared to depend mainly on the change in TH2 cytokines, as IL4 dropped significantly in

this group from T1 to T2 (below the comparison group level) (Fig 3). The TH1 cytokines

TNFα and IFNγ also showed the lowest levels in exam students at T2 but were above the com-

parison group levels throughout the study (Fig 3). Hence, in the exam group only, we found

higher baseline cytokine levels, an overall decrease in cytokine production from T1 to T2 and a

concomitant shift in cytokine balance toward predominance of TH1 cytokine expression dur-

ing exam performance (Fig 3).

Hair growth is diminished in exam students at T2

Group-wise analysis of hair health measures at T1, T2 and T3 respectively failed to detect sig-

nificant differences between exam and comparison group students at any of the three investi-

gation points in time (Fig 4). However, pair-wise within group analysis between points in time

revealed a significant change over time in the percentage of pigmented HF from T1 to T2 in

the exam group only (Fig 4). In addition, in the exam group only, we found a trend in the

change over time from T1 to T2 for anagen HF, with a percentage lower than in the compari-

son group at T2 (Fig 4). Also, correlation of hair pigmentation at T2 with peak salivary cortisol

measurement revealed a negative, albeit not significant (Pearson r = -0.387, p = 0.113) correla-

tion between peak salivary cortisol and hair pigmentation in the exam group only, while no

correlation was seen in the comparison group (Pearson r = 0.010, p = 0.971). Hence, only in

the exam group, did we detect a significant decrease in hair pigmentation and anagen HF per-

centage between the stress and non-stress measurement points and some association between

stress indicators and hair health at T2.

Discussion

To our knowledge, this is the first study of life-stress and hair biology in a healthy human sam-

ple. We observed changes in the stress perception in a young Caucasian female pilot study

population, which indicate prolonged stress exposure, as students prepared for and partici-

pated in the final medical exam. Within the exam group, this was accompanied by significant

fluctuations in TH1/TH2 cytokine balance and hair measures when comparing T1 or T3 (12

weeks prior or after the exam) with T2 (exam): cytokine balance was significantly tilted and

hair growth hampered in the exam group. However, no significant group difference in biologi-

cal measures could be found at T2 between exam and comparison group students. This sug-

gests that stress-induced hair growth changes are present in healthy humans exposed to major

exam stress and coincide with relevant cytokine-balance changes. However, these changes are

subtle and fully reversible, and therefore not pathologic.

Our sample population was homogeneous with respect to sociobiological status, which

facilitated data acquisition and analysis. However, there are limitations in the study related to:

the small sample size; the focus on one sex; inclusion of only healthy individuals exposed to a

relatively mild stress; the relatively small number (three) of assessments over the course of 24

weeks; the lack of biopsies for hair cycle staging; the limited number of neuroendocrine-

immune stress measurements; and the choice of a quasi-experimental naturalistic study design

rather than a random-control study design. Replication of these pilot observations is therefore

required for example: in more diverse study populations; in individuals exposed to more

severe stress such as traumatic experiences; or with additional outcomes such as morning

serum levels of HPA activity markers like cortisol and corticotropin releasing hormone
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(CRH), neuropeptides like substance P (SP) or neurotrophins like nerve growth factor (NGF),

all of which link with hair biology [76–79]. This could confirm their validity for the clinical

diagnosis of stress-induced hair loss, as well as for the assessment of biological stress-effects in

respective studies. However, measurement of stress mediators in blood provides only limited

information on local release and function in skin and a correlation of these measurements

with locally produced stress mediators need not exist as shown for example by comparison of

hair, saliva and blood cortisol [28, 29, 80]. A trichogram can be easily and non-invasively

obtained under field conditions and gives evidence of the local stress impact as done in other

studies by the assessment of itch perception [81]. It can be implemented in clinical diagnostic

procedures as well as experimental settings without excess equipment or time and money con-

suming procedures. Done repeatedly at times with high life-stress versus low life-stress, it can

be instructive in the clinical diagnosis of stress-induced hair loss as well as in studies on major

life-stress, especially when combined with self-report assessments of stress perception and

immunological outcomes.

To discuss validity and suitability of the three addressed dimensions (stress perception,

immune response change, hair growth and pigmentation) for clinical application and stress

studies in more detail, the results demonstrate that the self-report questionnaires employed in

the study detect prolonged perceived stress present over 4–12 weeks in healthy humans partici-

pating in a major exam. To the authors’ knowledge these instruments have not yet been

reported in studies on exam stress and its neuroendocrine-immune effects or in studies on

skin and hair biology. The observed significant changes in PSQ ‘tension´ and ‘joy´, TICS

‘work discontent´ and COPE ‘avoidant coping´ clearly establish that the final medical exam in

Germany is a major naturalistic life-stress exposure, a notion strengthened by using measure-

ment points well outside the stress exposure period for comparison.

The study also confirms that ex vivo stimulated blood derived cells of the immune system

can afford a useful tool to obtain surrogate parameters for biologically relevant immune

response changes under real life-stress [82, 83]. However, caution is required with respect to

the points in time chosen for investigation. The here reported change in TH1/TH2 balance in

the presence of an overall depression of cytokine production was observed from T1 to T2, 12

weeks apart. This shift is consistent with a change in cytokine profile in support of cellular

adaptive immunity. At the same time an overall suppression of cytokine production was

observed. Studies assessing cytokines minutes to hours around acute exam stress or stress

mediator exposure also reported a shift to TH1, often associated with an increase in cytokine

production [84–87]. By contrast, some publications, which compared stress-to-control assess-

ments a few days and to up to six weeks before the exam, reported a decrease in cellular adap-

tive immunity (e.g. [85, 88–93]). Hence, immune changes related to stress follow complex

time patterns and require multiple assessments.

Of the hair parameters assessed, hair pigmentation is the earliest indicator of hair growth

termination in response to damage in a number of experimental set-ups, such as chemother-

apy induced hair loss [94, 95]. Decreased hair tip pigmentation detected in exam students at

T2 therefore appears to be a promising surrogate indicator of hampered hair growth in a

stressed healthy human. In addition, it may indicate oxidative stress [72] and the onset of pre-

mature graying [96]. Some changes in hair measures were however also observed in the com-

parison group between T1, T2 and T3 and no T2 group differences were found. These

observations require careful consideration: the comparison group students were in a regular

semester, which ended at T2, hence some end of term stress may have occurred. However, the

self-report instruments employed to monitor stress perception did not record changes in this

dimension. Another possible explanation for the observed variation is that the 24 week long

observation period covered seasonal change. Changes in hair growth of around 10% were
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reported in the literature during seasonal change from winter (as at T1) to spring (as at T2)

[64, 97]. This idea is further supported by the observation that cytokines also showed some

fluctuation in the comparison group and cellular immune responses to stress can be altered,

when the length of days increases [98]. The study may therefore be underpowered for group

by time interaction analysis of stress effects superimposed with seasonal change effects. How-

ever, to avoid the influence of season in this naturalistic setting is difficult as final exams are

scheduled by the universities at the end of academic terms, hence always at the same time dur-

ing seasonal change.

Taken together, in our naturalistic quasi-experimental pilot study, biological measures

revealed time-wise changes in female medical students experiencing stress during the final

medical exam period. These suggest increased hair growth hampering immune-responses and

decreased hair growth during times of high stress. However, group-wise comparisons between

exam and comparison group students did not reveal significant differences in these measures

in a study extensively controlled for confounders of neuroendocrine-immune interaction (e.g.

age, sex, BMI, education, smoking, physical activity, time of day, mental health). Certain cir-

cumstances of design in a study of naturalistic stress effects and hair biology in healthy humans

did not allow for an increase of the participant number, shorter distances between assessment

points in time or adoption of a randomized controlled design. These included: the ethical

requirements, the natural dynamics of hair growth, and employment of a valid life-stress para-

digm for young women. Taking these limitations into account, microscopic hair biology analy-

sis is an instructive potential tool for non-invasive follow-up on intra-individual subclinical

biological changes in response to stress [14, 99]. It also provides clinicians and their patients

with the reassuring information that stress-induced hair health changes during stress stay

within a physiological range as opposed to hair growth diseases such as alopecia arreata [100]

and that they are fully reversible.
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