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Summary 
On behalf of the Hessian Ministry of the Environment in Germany, an expert report was prepared 
to clarify if a maximum level distribution of rail traffic noise at night is more suitable to develop a 
noise protection concept rather than considering the Equivalent Continuous Sound Level LAeq. In 
this paper, it is shown that a LAeq alone is not sufficient to adequately describe the noise-induced 
fragmentation of sleep structure and the strongest physiological response to noise at night, the 
awakening reaction. At sleep, human beings react to individual events, which are mainly 
characterized by the number of trains, the maximum level distribution and the train type. These 
measures are not adequately reflected by the LAeq. 
This paper pursues the principle of minimizing acute effects (awakening reactions, reported sleep 
disturbances and annoyance) so that short-term (fatigue and increased risk of accidents on the 
following day) and long-term consequences (risk increases for the onset of diseases) do not occur. 
Analyzes were carried out by means of polysomnographic data being measured in the field study 
DEUFRAKO / RAPS considering 33 residents à 9 nights each, all living near busy railway tracks 
in the Middle Rhine Valley. Results were used to determine an exposure-response function for the 
awakening probability due to a single train noise event TNE. The sum of the awakening 
probabilities for all individual events result in the additional train noise induced awakening 
reactions, which are to be limited in a night-time protection concept. 
Considering these results together with criteria as derived from survey data on reported sleep 
disturbances (see Schreckenberg et al.), Möhler et al. will present a combined protection concept 
for residents affected by train noise at night at this EuroNoise conference. Basic acoustical input 
data for this concept include maximum level distributions for freight and passenger trains. 
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1. Introduction1 

An undisturbed sleep is important for 
performance, well-being and health [1]. Noise-
induced sleep disorders are usually divided into 
three categories: "primary effects" refer to the 
immediate reactions during sleep to a single noise 
event. These immediate effects of noise can be 
awakening reactions and are often associated with 
heart rate accelerations or transitions from deep 
sleep into light sleep stages. The "secondary 
effects" describe the resulting consequences on the 
adjoining day, e.g. daytime tiredness, lack of 
performance and deficiency in concentration. In 
the "tertiary effects" one summarizes usually 
possible health consequences after long-term noise 
exposure, such as increased risks for high blood 
pressure, heart attack, overweight or depression. 
In particular, the relationship between primary and 
tertiary effects is still unclear, since in addition to 
noise and the resulting primary effects, a large 
number of confounders can lead to an increase in 
these disease risks after many years of exposure to 
noise. Both, a reliable calculation of the perceived 
noise over the years as well as an almost complete 
and accurate recording of the confounders is 
currently almost impossible. Epidemiological 
studies describing these tertiary effects therefor 
must currently be content with approximations. 
This disadvantage can be partly compensated by 
averaging over very high numbers of cases. 
Studies to investigate the acute effects of noise at 
night, however, are very accurate in measuring the 
perceived noise and the physiological variables to 
be examined, but usually can only consider to 
examine a limited number of subjects due to high 
study costs and associated budgets. 
 
Schmidt et al. [2] for the first time provided first 
evidences in such a study on acute effects of 
nocturnal aircraft noise which potential 
mechanisms could possibly contribute to the 
emergence of cardiovascular diseases after many 
years of noise exposure. Considerable more 
research efforts in this area are needed in the 
future in order to understand the effects of long-
term noise exposure on health. 
 
The strongest physiological response in human 
sleep to noise is the awakening reaction and, 
concomitantly, an increased sleep fragmentation. 

                                                      

 

Effects such as the total number of sleep stages 
changes are generally less pronounced [3]. In 
order to develop a protection concept for nocturnal 
railway noise, it has to be known how often a 
resident living near railway tracks additionally 
wakes up due to the number of nightly train 
passages. A worldwide literature research by the 
World Health Organization WHO for the years 
2000-2014 could only identify one field study with 
ecologically valid sleep data measured by 
polysomnography [4]. This was the field study 
RAPS (Railway Annoyance Performance Sleep) 
carried out by the German Aerospace Center 
(DLR) in the years 2006-2010 as part of the 
German-French research cooperation 
DEUFRAKO.  
 
Considering the results from the physiological 
measurements of this DEUFRAKO-RAPS study, 
presented in this paper, together with criteria as 
derived from survey data on reported sleep 
disturbances (see Schreckenberg et al. [5]), 
Möhler et al. [6] will present a joined protection 
concept for residents affected by train noise at 
night at this EuroNoise conference limiting the 
number of additional train noise induced 
awakenings and reported sleep disturbance. Basic 
acoustical input data for this concept include 
maximum level distributions for freight and 
passenger trains as well as the average continuous 
sound pressure levels for the night. 
 
 

2. Methodology 

The field study was operated between February 
2008 and July 2009 at residents’ places next to the 
rail tracks from Cologne via Bonn to Erpel in the 
northern Middle Rhine Valley in Germany which 
are also highly frequented throughout the night. A 
total of 33 residents aged 22 to 68 years (mean 
36.2 ± 10.3 years, female: n = 22) were examined 
at 27 different places (6 couples). All subjects 
were healthy, did not suffer from any intrinsic 
sleep disorders, and were normally hearing 
according to their age. The sleeping rooms were 
between 6 m and 135 m (distance: house wall - 
closest track) away from the rail traffic (mean: 42 
m ±29 m). 
 
Sound pressure levels LpAF and LpAS were 
measured continuously throughout the night with 
class 1 sound level meters (NC10, Cortex 
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Instruments) outside (2 m in front of the bedroom 
window) and inside (at the sleeper's ear), 
recording at a sampling rate of 110 ms. As soon as 
the background level L90 was exceeded by more 
than 3 dB, the noise event itself was also recorded 
as a wav file so that a later identification of the 
noise source (freight / passenger trains, road 
traffic, neighborhood noise, etc.) could be ensured. 
All noises that occurred at night at the sleeper's 
ears were subsequently checked, marked, 
classified and evaluated in accordance to the 
German DIN standards, using a software 
especially developed for these requirements at the 
German Aerospace Center DLR. 
 
Polysomnography includes the recording of the 
EEG (electroencephalography = brain activity), 
the EOG (electrooculography = eye movements) 
and the EMG (electromyography = muscle 
activity) for the quantitative and qualitative 
assessment of sleep. In order to derive 
polysomnographic parameters, electrodes are 
glued to the scalp and face at predetermined 
positions. Thus, the electrical surface activity of 
the brain in form of potential fluctuations can be 
continuously recorded. During sleep, amplitude 
and frequency of the wave patterns in the EEG, 
the type of eye movements and muscle activity 
typically change and allow the determination into 
sleep stages (Awake - light sleep (stages S1 and 
S2) - deep sleep (stages S3 and S4) - dream sleep 
(Rapid eye movement (REM) - sleep) The analysis 
of the sleep data was achieved according to 
Rechtschaffen and Kales [7], whereby a trained 
evaluator assigns a sleep stage for every 30-
second epoch. 
 
Due to the high staff time and effort, which 
includes both the application of the electrodes 
(about 1 h every evening, about ½ h every 
morning in the field) and the subsequent manual 
evaluation of sleep and acoustics, the 
implementation of these field studies is time 
consuming and expensive. Thus, while the number 
of subjects studied is naturally limited on the one 
hand, on the other hand, this study provides data 
with high ecological validity for the sample of 
subjects studied. 
 
For a more detailed description of the 
methodology used in the DEUFRAKO / RAPS 
study and the descriptive analysis of train 

movement rates and acoustic measurements, refer 
to the final report of the study [8], [9]. 
 
In addition to the evaluations described in that 
final report, the sound exposure level SEL of 
every train noise event TNE, the pass-by exposure 
level TEL and the probability of spontaneous 
awakenings were additionally calculated for the 
present paper. In particular, in the DEUFRAKO-
RAPS project no analysis were carried out that 
took possible contributions to the resident’s 
awakening probability due to level fluctuations of 
freight trains passing by into account. 
 
 

3. Results 

In order to find an exposure-response curve that 
establishes a relationship between the noise 
exposure and the probability of physiological 
awakenings, an event-related evaluation is 
necessary. "Event-related" means that for every 
train pass by, a statistical check has to be made 
whether for the current 30s sleep episode or the 
two epochs after, a transition between sleep stages 
or stage “awake” can be found. Transitions to light 
sleep stage "S1" and not only to stage "awake" 
were considered as “awake” which is a protective 
approach for the residents. A random effects 
logistic regression was used to calculate the 
probability of awakening controlled by the 
acoustic parameters of the railway noise event 
[10]. 
 
The choice of predictors that were included in the 
regression model occurred step-wise [11]. The 
decision as to whether a variable was included or 
removed in the model was based on the AIC 
(Akaike Information Criterion). This is a measure 
for the goodness of fit of a regression model. On 
the one hand, the AIC rewards the goodness of fit 
by means of the likelihood function and on the 
other hand "penalizes" the addition of further 
predictors [12]. Thus, this penalty prevents an 
"overfitting" because increasing the number of 
model parameters usually improves the quality of 
fit. Lower AIC values mean a better model 
quality. 
 
A variety of acoustic, personal and situational 
variables may have a potential impact on the 
probability of awakening. For the calculation of 
the exposure-response relationship, the influence 
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of the following variables on the quantity of the 
probability of awakening were examined: 
 
 
Acoustic parameters (level indoors, measured at 
the sleeper’s ear): 
 
•  LpAF,max of the TNE (in dB) 
•  Sound exposure level SEL of the TNE (in dB)  
• Pass-by exposure level TEL of the TNE (in dB) 
• Total time duration of TNE (in s) 
• Assessment period of the TNE (in s) 
• Rise time of the TNE (in dB/s) 
• LpAF,eq 1 min before the TNE (in dB, 
  “background level“) 
• Emergence (LpAF,max minus background level) 
  of the TNE (in dB) 
• Number of previous TNE before the start of the 
  considered TNE  
• Median of a fluctuation measure describing the 
  TNE (in dB/s2) 
• Mean of a fluctuation measure describing the 
  TNE (in dB/s2) 
• LpAF_ShortLeq01 minus LpAF_ShortLeq10  
  (in dB) 
• LpAF_ShortLeq01 minus LpAF_ShortLeq20 
  (in dB) 
• LpAF_ShortLeq01 minus LpAF_ShortLeq30 
  (in dB) 
 
Sleep parameters: 
 
• Previously passed sleep duration (in min) 
• Sleep stage before the occurrence of the TNE 
• Time spent in the sleep stage before the 
   occurence of the TNE (in s)  
 
Personal parameters: 
 
• Gender 
• Age 

A total of 5,428 undisturbed freight train noise 
events from 252 nights of 33 subjects were 
included in the analysis for calculating the 
probability of awakening for a freight train noise 
event. 
 
Taking into account the best practice-optimized 
approximation for a freight train pass by and the 
calculation of the probability of spontaneous 
awakenings, the following equation results for the 
calculation of the probability of awakening for a 
freight train pass by: 
 
 
AFT=0.02612*LpAF,max - 0.0045479*timeFT   +  
        0.000673*timeAFA -  0.0119262* timeCST +  
        0.1103385*(LpAF_ShortLeq_01 - LpAF_ShortLeq_10) - 
        3.5256369                                                  (1) 
 
Table I shows an example of summands (resulting 
from median values of the current study), 
corresponding units and factors for calculating an 
exposure-response curve. 
 

AWP𝐹𝐹𝐹𝐹 = 𝑒𝑒A𝐹𝐹𝐹𝐹
1+𝑒𝑒A𝐹𝐹𝐹𝐹

 *100 - AWP𝑆𝑆𝑆𝑆 (2) 

 
AWPFT – Awakening probability due to a freight 
                 train pass by 
AWPFT –   spontaneous awakening probability. 
                 here: 5.7 % 
LpAF,max   –  maximum sound pressure level, fast   
                  and A-weighted 
 
LpAF_ShortLeq_01  –  L1 - ShortLeq freight train noise 

LpAF_ShortLeq_10  –  L10 - ShortLeq freight train noise 

 

timeAFA    –  time after falling asleep 

timeCST    –  time in current sleep stage 

timeFT      –   passing by duration of freight train 

Table I. Example of summands (resulting from median values of the current study), corresponding units and 
factors for calculating an exposure-response curve.  

Summand Unit Factor 
LpAF,max dB --- 

Total time duration of TNE 

     

s 

 

67 s (Median) 

 Previously passed sleep duration min 300 min (Presetting) 
Time spent in sleep stage before 

 

 
 

 

  

         

min 6.5 min (Median) 

LpAF_ShortLeq01-10 dB 0.9 dB (Median) 
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4. Conclusions 

This data set on acute physiological effects of 
nocturnal freight train noise on sleep is well 
qualified for the development of a night protection 
concept that limits the strongest physiological 
response of residents to nocturnal railway noise, 
the awakening reaction. Thus, also presumed 
following adverse health effects after long-term 
exposure can be avoided with this approach. A 
protection concept for ensuring a restorative sleep 
of traffic residents has to include both, the 
limitation of negative physiological as well as 
negative psychological reactions to noise. 
Psychological reactions on noise are often related 
to stress reactions that may lead to adverse health 
effects after a long-term noise exposure. 
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