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in a memory test and reporting of neuropsychiatric symp-
toms may be due to a nervous system effect caused by 
DCI. The diver students’ ability of problem-solving while 
they were blindfolded was predictive of their likelihood of 
becoming a professional diver 12 years later.
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function · Benton Visual Retention Test · Q 16

Introduction

While the nervous system effects of saturation diving 
have been widely studied, there has been less focus on the 
effects on the nervous system related to non-saturation div-
ing or diving in shallow water with air as the breathing gas. 
Nervous system effects can be caused by gas bubbles due 
to decompression illness (DCI).

Decompression illness (DCI) is an umbrella term for 
both arterial gas embolism (AGE) and decompression sick-
ness (DCS). In AGE, alveolar gas or venous gas emboli (via 
cardiac shunts or via pulmonary vessels) are introduced 
into the arterial circulation (Vann et al. 2010). Decompres-
sion sickness (DCS) is caused by in situ bubble formation 
from dissolved inert gas (Vann et al. 2010). It typically 
afflicts divers during a poorly managed ascent from depth.

DCS has been characterized as type 1 (with musculo-
skeletal, skin, or lymphatic symptoms) or as type 2 (with 
more severe symptoms: neurologic, cardiorespiratory, audi-
ovestibular), but it is now recognized that this differentia-
tion is artificial (Grønning and Aarli 2011).

The risk of DCS increases with the presence and greater 
size of a patent foramen ovale (leakage from the right to 
the left part of the heart; Grønning and Aarli 2011). The 
clinical relevance of a patent foramen ovale is, however, 
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unclear among asymptomatic young divers (Gempp et al. 
2010).

Different diagnostic tools have been applied in order to 
study the nervous system effects of diving. Abnormal EEG 
has been reported in saturation divers (Todnem et al. 1991), 
but other studies among divers with histories of DCI, have 
not been able to demonstrate this result (Murrison et al. 
1995). Reports from studies using magnetic resonance 
imaging (MRI) do not provide a clear picture. A study 
among professional experienced Navy bounce divers with-
out DCI who were compared with non-diving colleagues, 
did not disclose correlations between neuropsychological 
test results, diving experience and number and size of MRI 
lesions (Cordes et al. 2000). A clinical study of 21 divers 
treated after acute decompression sickness in the CNS did 
not reveal cerebral lesions by MRI in any of the patients 
studied (Grønning et al. 2005).

Neuropsychological studies of divers

Neurobehavioral and neuropsychological tests have been 
employed in several studies of nervous system effects 
in divers. These methods have been utilized in studies of 
divers with DCI/DCS (Peters et al. 1977; Curley et al. 
1988), in studies of saturation divers (Værnes et al. 1987, 
1988, 1989; Curley 1988), in studies of both saturation 
divers and non-saturation divers (Taylor et al. 2006), in 
studies of divers mainly using compressed air and in breath 
holding divers (Williamson et al. 1987; Tetzlaff et al. 1999; 
Bast-Pettersen 1999; Cordes et al. 2000; Leplow et al. 
2001; Slosman et al. 2004; Ridgway and McFarland 2006; 
Gempp et al. 2010; Hemelryck et al. 2013), and in stud-
ies of heliox non-saturation (bounce) divers (Hodgson and 
Golding 1991).

Whether diving per se causes long-term health effects 
has also been discussed (Grønning and Aarli 2011; Wilms-
hurst 1997), but there is no clear consensus whether diving 
that does not result in DCI/DCS can cause nervous system 
effects (Tetzlaff et al. 1999; Bast-Pettersen 1999; Cordes 
et al. 2000).

Neuropsychological studies published before the present 
study was initiated, showed no consistent effects related to 
diving. Peters et al. (1977) in a study of divers with DCI 
reported deficient memory and reduced psychomotor and 
motor tempo. Curley et al. (1988) reported a variety of neu-
ropsychological effects in a study with five cases. Værnes 
et al. (1987, 1988, 1989) in studies of saturation divers 
reported different neuropsychological outcomes, mainly 
in manual tests for tremor or motor speed. Curley (1988) 
reported no permanent effects in a study of Navy divers 
tested with a relatively broad test battery. In a study of cur-
rent working and retired abalone divers, Williamson et al. 
(1987) reported poorer results in several tests for learning 

and memory, and they had poorer hand steadiness. On the 
other hand, they performed faster in a reaction time test. 
Hodgson and Golding (1991) applied a short computerized 
test battery covering reaction time, reasoning and memory. 
No significant decrement in performance was observed 
related to series of heliox non-saturation dives.

The available cross-sectional studies have been incon-
clusive. As far back as 1977, Peters and coworkers recom-
mended obtaining baseline neurobehavioral results prior to 
employment. These guidelines have been repeated by sev-
eral authors, who have also recommended the use of a lon-
gitudinal approach to the neurobehavioral testing of divers 
(Curley et al. 1988; Tetzlaff et al. 1999; Grønning and Aarli 
2011) to avoid the potential biases and weaknesses of a 
cross-sectional design. To date, only a few studies using 
this approach have been published.

A diver must be able to work in the dark, without much 
visual aid. The ability to solve problems while blindfolded 
might be a method for testing future suitability for the div-
ing profession. As diving is a high-risk profession, the abil-
ity to react quickly when dangerous situations arise can be 
very important to avoid injury. One aspect of this ability 
can be measured with reaction time tests. To date, studies 
using such tests to predict future diving activities have not 
been published.

Objectives

The aim of this study was, prospectively, to examine the 
possible neuropsychological effects of non-saturation div-
ing (bounce diving) on professional divers who mostly 
used air as their breathing gas. The hypothesis was that 
number of dives as well as a history of DCI could lead to 
impaired neuropsychological function. Due to the variety 
of test results in the available studies, a broad neuropsycho-
logical test battery was chosen.

A further aim was to investigate whether certain tests, 
administered to diving students, could predict their future 
diving activities, either in terms of incidents of DCI or 
whether the diver would become a professional diver. Our 
hypothesis was that subjects with a good ability to solve 
problems without the guidance of vision and/or subjects 
who had a fast reaction time would have an increased prob-
ability of becoming a professional diver and a decreased 
probability of incidents of DCI.

Subjects and methods

During the years 1992–1994, students attending a profes-
sional diving school were invited to participate in a study 
of the possible health effects of diving. Ninety-three 



671Int Arch Occup Environ Health (2015) 88:669–682 

1 3

students from seven successive courses were invited, and 
87 agreed to participate in the lung function study (Skog-
stad and Skare 2008). In addition, studies of auditory 
(Skogstad et al. 2009) and neuropsychological function 
were conducted. The neuropsychological study did not 
include students from the first and the last two courses. A 
neuropsychological examination is very time-consuming, 
and because of capacity reasons (time available), the neu-
ropsychological study was limited to 50 subjects; a number 
that was considered adequate to provide sufficient statisti-
cal power when following up the divers.

The study was restricted to males because very few 
women attended the diving school. Furthermore, the study 
was restricted to Norwegian subjects. Because the students 
had passed a medical examination before attending the div-
ing school, no further exclusion criteria were used.

The first examination was undertaken on the premises 
of the diving school, whereas the two follow-up examina-
tions were conducted at the National Institute of Occupa-
tional Health in Oslo. All subjects that could be traced were 
invited to participate in each of the follow-up examinations. 
At the time of the first follow-up, 43 divers accepted to par-
ticipate, giving a participation rate of 86 % after a follow-
up time of 6 years. One diver, who did not participate in the 
6-year follow-up, was included in the 12-year follow-up. At 
the time of the final follow-up, two divers had died (one in 
a diving accident), one had moved abroad, and one could 
not be traced. Among the 46 divers who were contacted 
before the last examination, 37 agreed to participate, giving 
a participation rate of 74 % of the original 50 subjects. The 
same licensed clinical neuropsychologist (the first author, 
RB-P) tested all the divers in the two follow-up sessions, 
and with a few exceptions, this psychologist also tested all 
the divers in the first examination. Among the 50 students 
who attended the first examination, 32 had served as a ref-
erence group in a study of long-term exposed construction 
divers (Bast-Pettersen 1999).

All subjects volunteered to participate in the study, and 
their written informed consents were obtained at all three 
examinations. The study was approved by the Regional 
Committee for Medical and Health Research Ethics, REK 
South–East, Norway.

Diving exposure and background data

Prior to each of the three test sessions, the participants 
underwent a structured interview focusing on education, 
occupational history, smoking habits, alcohol consumption, 
accidents and illnesses. The structured interviews were non-
blinded, as the psychologist who made the interviews also 
conducted the testing. All divers reported their diving activ-
ity in a questionnaire including number of dives (profes-
sional and recreational dives), before the first examination 

and between the successive examinations. Whether they 
worked as a professional diver or not (part time or full time) 
and whether they had experienced an episode of DCI were 
also recorded. The reporting of professional activity was 
based on the divers’ professional logbooks. Recreational 
diving was not properly registered in logbooks. Thus, the 
divers had to memorize to give their best estimate of num-
ber of dives. Most of their diving activity was performed 
with air as the breathing gas, either surface supported, or 
with scuba equipment. Four divers had become educated 
saturation divers during the follow-up period, but only one 
of them had performed deep-sea diving using other gas mix-
tures than air during the last 6-year follow-up period. Most 
of the dives were performed to shallow depths of ten meters 
or less (Skogstad and Skare 2008).

The subjects’ education was recalculated as the total 
number of years of formal schooling at each test session. 
Self-reported tobacco consumption was characterized by 
the use of smoked tobacco or smokeless tobacco in the 
form of moist snuff, called snus (Hugoson et al. 2012). The 
current alcohol consumption was calculated (L pure alco-
hol/year) based on the participants’ self-reported consump-
tion of alcohol beverages (Hauge and Irgens-Jensen 1987).

Test methods

To make the test results comparable over 12 years, the same 
versions of each of the tests were used in all three sessions, 
disregarding whether new versions of the same tests had 
been developed. This was the case with the Wechsler Adult 
Intelligence Scale (WAIS) tests, where the older Norwe-
gian version (Engvik et al. 1978) was applied throughout 
the study. The test versions were identical to those used in 
a study of construction divers (Bast-Pettersen 1999). Each 
test session lasted between two and three hours.

Neuropsychiatric symptoms. The subjects were asked to 
complete a self-administered neuropsychiatric question-
naire (Q 16) (Lundberg et al. 1997; Bast-Pettersen 2006). 
The Q 16 was chosen as it has been applied among Nor-
wegian occupational physicians and researchers in the 
field of occupational medicine in Norway since the early 
1980s (Bast-Pettersen 1999, 2006, 2009; Bast-Pettersen 
et al. 2004). The Q16 requires the subject to answer “Yes” 
or “No” to 16 questions. The score was the total number 
(0–16) of symptoms.

General intellectual ability

Information (WAIS) (Engvik et al. 1978). The subject is 
asked to answer a number of questions requiring general 
knowledge. The score was the number of correct responses.

Block Design (WAIS). The subject uses patterned blocks 
to copy different designs shown on a picture. The score was 
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based on the number of correct solutions within the time 
limits, with a bonus added for fast responses.

Tests for visuomotor processing speed

Digit Symbol (WAIS). This test requires the subject to 
recode symbols to digits in the course of 90 s. The score 
was the number of correct symbols recoded.

The Trail Making Test (Reitan and Wolfson 1985; 
Strauss et al. 2006). The subject is required to connect, 
by making pencil lines, 25 encircled numbers randomly 
arranged on a page in their proper order (part A) and 25 
encircled numbers and letters in alternating order (Part B). 
The scores were the amount of time used to complete each 
section of the test (in s).

Attention span and working/visual memory

Digit Span (WAIS). The subject is required to repeat as 
many digits as possible after an oral presentation, either in 
the same order as they were presented (Digits Forwards) or 
in the reverse order (Digits Backwards). The scores were 
maximum number of digits repeated.

Benton Visual Retention Test form C, administration A 
(Sivan 1992). This test employs 10 cards that have increas-
ingly complex visual designs. The subject is required, 
immediately after a 10 s viewing of a card, to reproduce its 
design from memory on blank paper. The number of cor-
rect reproductions and the number of errors were recorded. 
The evaluation of the Benton test drawings was performed 
by a student who was trained to use the scoring criteria 
given in the test manual (Sivan 1992).

Motor speed/manual dexterity

Grooved Pegboard Test (Lafayette Instrument Company). 
This test consists of a small board containing a 5 × 5 set of 
slotted holes angled in different directions and 25 pegs with 
a ridge along one side. The subject is required to rotate the 
peg into position for correct insertion as quickly as pos-
sible. This is a test for manual dexterity and motor speed. 
The score was time to completion in s for each hand.

Tests for reaction time

The NES2 version 4.51 (Letz et al. 1996) was used for all 
three sessions. The tests were run in MS-DOS with a com-
puter that was kept through the years for this project.

Simple Reaction Time test (SRT) (NES2 version 4.51) 
(Letz et al. 1996) requires the subject to press a button as 
quickly as possible when a square appears on a computer 
screen. Ninety reaction times were recorded. The first 10 
trials were regarded as practice and were discarded. The 

score was the individual’s mean reaction time (RT) in mil-
liseconds (ms).

Continuous Performance Test (CPT) (NES2 version 
4.51) (Letz et al. 1996). Several different letters flash 
briefly on the screen for approximately 50 ms at a rate of 
one per second for five minutes. The subject is required to 
press a button upon seeing an “S” flash on the screen, but 
not for any other letter. The number of RTs collected was 
60, and the first twelve were discarded. The score was the 
response latency (mean RT) in ms.

Spatial skills

Tactual Performance Test (TPT) (Psychological Assess-
ment Resources, PAR). While blindfolded, the subject 
is presented with blocks of differing shapes and a form 
board with matching shaped holes. The subject is required 
to insert the blocks into the board as quickly as possible 
and then to draw the board’s organization from memory, 
thus testing the memory for the form (TPT-Memory) and 
localization (TPT-Localization) of the blocks (Strauss et al. 
2006). The scores were the time to complete the test and 
the number of shapes remembered. Due to restricted testing 
time in the follow-up study, this time-consuming test was 
only applied in the baseline study, and the results were used 
in a model to test for prediction of future diving activity.

Statistics

Using a linear mixed model (Fitzmaurice et al. 2011), sepa-
rate analyses were made for each test outcome and each div-
ing parameter, giving a total of 28 analyses (Table 3). In the 
analyses, adjustments were made for age, self-reported alco-
hol consumption and the use of tobacco (smoking or snus). 
Adjustments were also made for the level of education, meas-
ured as years of schooling, except for the tests CPT and Trail 
Making Test B, where reading difficulties were of major rel-
evance and was instead chosen as a covariate. Reading diffi-
culties was a baseline covariate; all other covariates were time 
varying variables. The Q16 was only adjusted for age.

In order to control for the possible improvements in test 
performance due to repeated exposure to the tests, the test 
sequence number (1, 2 or 3 for first, second or third test 
session), considered as a categorical variable, was also 
adjusted for in the analyses.

To enhance power, adjustment was only obligatory for 
age, test sequence number, reading difficulties/years of edu-
cation. Alcohol consumption and nicotine consumption (cig-
arettes or snus) could be excluded from the model. For each 
analysis, this was done by means of a stepwise backwards 
selection procedure, using the Akaike information criterion.

The data contained some missing values for the covari-
ates included in the model, i.e., six missing values for the 
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use of nicotine at the baseline and three missing values for 
the alcohol consumption variable. To include all the data 
in our analysis, the linear mixed model was combined 
with multiple imputation. The imputation was based on 
the longitudinal correlation of smoking status and alcohol 
consumption, the dependency of these covariates on the 
baseline values of age and test outcome, and the number of 
dives if it was included in the analysis.

A mixed model includes both fixed and random effects. 
Fixed effects model the systematic effects of covariates such 
as age and educational level, while random effects model 
the dependency structure of data. The final model takes 
into account the dependency of the repeated observations 
by adding random intercepts for each subject. The mixed 
model can be represented formally as yij = xij

Tβ + ui + εij, 
where yij is the observed test outcome of diver i and replica-
tion j, and xTij  is a vector of regressors linking the observa-
tions to the fixed effects, β. Furthermore, ui represents inde-
pendent and identically normally distributed random effects 
with a mean 0 and variance σu

2, while εij are independent and 
identically distributed normal random variables with a mean 
0 and variance σε

2. Variance structures of varying complexity 
were compared using Wald tests. For the test WAIS Block 
Design, the residual variance was allowed to differ between 
years, while for CPT the between-subjects variance was 
allowed to differ between years. Different transformations 
of the outcome variables were compared, and a log-transfor-
mation (log10) gave the best fit to the normal distribution, as 
seen by a quantile–quantile plot, for the following outcome 
variables: Q16, Pegboard non-dominant hand, Trail Making 
Test B, SRT, and CPT. The other outcome variables were 
not transformed.

Fisher’s exact mid p test was used to analyse the ques-
tions on Q 16 (Table 4).

A paired t test was used to compare the test results of the 
divers between the first and the last test session (Table 5).

For the analyses of associations between the baseline 
results of the TPT and future diving parameters as well as 
for the reaction time measures and future diving parameters 
(Table 6), separate logistic regression analyses were made 
for each combination of test variable (exposure) and diving 
parameter (outcome).

The analyses were first made without adjusting for the 
covariates. Adjustments were then made for age and years 
of education when using the predictors TPT-Total Time, 
TPT-Memory, TPT-Localization, and SRT. For the analy-
ses using the predictor CPT, adjustments were made for age 
and reading difficulties.

Linear mixed models with multiple imputation were ana-
lyzed in R (www.r-project.org) using the packages nlme and 
mix. The linear regressions were also analyzed in R; all other 
analyses were performed with SPSS v 15.0 for Windows 
(SPSS, IL, USA). The level of significance was set at p = 0.05.

Results

Table 1 shows the background data and test results for the 
50 students who were included in the first (baseline) study.

Table 2 shows the diving parameters, number of dives 
and prevalence of DCI for the 50 divers in the base-
line study, the 43 divers in the 6-year follow-up and the 
37 divers in the final follow-up. While the divers had 

Table 1  Background data and neuropsychological test results for the 
50 diving school students included in the baseline study

a A higher value is a better score
b A lower value is a better score

Mean SD Min–max

Age 25.3 4.3 18–35

Years of education 12.1 1.5 9–16.5

Self-reported alcohol consumption (L/year) 4.96 3.6 0–14.7

Prevalence of smokers (%) 51.4 0.5

Prevalence of smokers or use of smokeless 
tobacco (snus) (%)

59.5 0.5

Cigarettes/week 66 65 0–210

Prevalence right-handers 86

Prevalence of reading difficulties 20

Self-reported neuropsychiatric symptoms 
(Q16)b

1.2 1.5 0–7

Tests for intellectual ability

WAIS Information number correct (raw 
score)a

20.7 3.9 11–28

WAIS Block Design (raw score)a 42.2 5.8 28–48

Tests for visuomotor processing speed

WAIS Digit Symbol (number correct)a 58.2 9.7 40–78

Trail Making Test A (s)b 23.5 7.1 12–45

Trail Making Test B (s)b 68.6 35.3 29–236

Attention span/working/visual memory

WAIS Digit Span forwardsa 6.6 1.2 4–9

WAIS Digit Span backwardsa 5.6 1.5 3–8

Benton Visual Retention Test correcta 8.4 1.0 6–10

Benton Visual Retention Test errorsb 2.0 1.4 0–6

Motor speed/manual dexterity

Pegboard dominant hand (s)b 59.4 6.5 47–75

Pegboard non-dominant hand (s)b 65.3 10.9 49–114

Spatial skills/spatial memory

Tactual Performance Test (TPT) total time 
(min)b

10.7 4.0 3.2–26.1

Tactual Performance Test (TPT) Memory 
(number correct)a

8.8 0.9 7–10

Tactual Performance Test (TPT)  
Localization (number correct)a

7.7 1.5 4–10

Tests for Reaction Time (NES2)

Simple Reaction Time (SRT) (ms)b 222 19 184–276

Continuous Performance Test (CPT) (ms)b 373 30 323–444

http://www.r-project.org
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performed a median number of 58 (0–1,500) dives before 
entering the diving school, 15 had never dived. Most of 
the diving activity was performed during the first 6-year 
period. Eleven divers reported a history of DCI at the 
6-year follow-up (including one who had an incident of 
DCI before attending the diving school). Ten of the divers 
with a history of DCI attended the final follow-up. One 
diver died from a diving-related accident after the second 
follow-up. He reported no diving-related accidents before 
the fatal one.

Table 3 shows the neuropsychological test results 
related to the number of dives and to reporting an incident 
of DCI.

Table 2  Diving exposure parameters at baseline, 6- and 12- year fol-
low-up

Mean (SD) Median Min–max

Baseline (N = 50)

 Number dives before diving school 216 (326) 58 0–1,500

 Prevalence DCI before diving 
school

0.02

Six years (N = 43)

 Number dives 514 (654) 298 40–3,654

 Prevalence DCI 0.26

Twelve years (N = 37)

 Number dives 767 (1,078) 455 40–5,604

 Prevalence DCI 0.27

Table 3  Neuropsychological 
test results related to number 
of dives and lifetime history of 
DCI. N = 50, 43 and 37 for the 
first, second and third part of 
the longitudinal follow-upa

a Linear mixed model. For 
the Q 16, adjustments were 
only made for age. All other 
variables were in addition to 
age-adjustment, either adjusted 
for years of education or for 
reading difficulties (Trail 
Making Test A and B and NES 
CPT). In addition, the Digit 
Span Forwards, the Pegboard 
test and the Trail Making Test 
A were corrected for use of 
nicotine consumption
b A higher value is a better 
score
c A lower value is a better score
d Log transformed (log10)

Test outcome Exposure Estimate Lower Upper p value

Self-reported symptoms, Q16c, d Number divesd −0.02 −0.08 0.05 0.61

Incident of DCI 0.16 0.02 0.29 0.02

Tests for intellectual ability

WAIS Informationb Number divesd −0.54 −0.98 −0.10 0.02

Incident of DCI 0.26 −0.71 1.23 0.60

WAIS Block Designb Number divesd −0.66 −1.65 0.33 0.19

Incident of DCI 0.26 −1.48 2.01 0.77

Tests for visuomotor processing speed

WAIS Digit Symbolb Number divesd 0.49 −0.86 1.85 0.47

Incident of DCI 1.57 −1.31 4.45 0.29

Trail Making Test Ac Number divesd −0.49 −2.19 1.21 0.57

Incident of DCI −0.70 −4.30 2.90 0.70

Trail Making Test Bc, d Number divesd 0.00 −0.03 0.04 0.84

Incident of DCI −0.07 −0.14 0.01 0.07

Attention span/working/visual memory

WAIS Digit Span—forwardb Number divesd 0.00 −0.23 0.23 0.99

Incident of DCI −0.01 −0.50 0.49 0.98

WAIS Digit Span—backwardb Number divesd 0.03 −0.25 0.31 0.84

Incident of DCI −0.44 −1.03 0.14 0.13

Benton Visual Retention Test Correctb Number divesd −0.07 −0.33 0.19 0.59

Incident of DCI −0.71 −1.23 −0.18 0.008

Benton Visual Retention Test Errorsc Number divesd 0.20 −0.16 0.55 0.28

Incident of DCI 1.29 0.58 2.00 0.0003

Motor speed/manual dexterity

Pegboard dom handc Number divesd −1.40 −2.83 0.03 0.06

Incident of DCI −2.27 −5.32 0.79 0.15

Pegboard non-dom handc d Number divesd −0.01 −0.02 0.01 0.40

Incident of DCI −0.01 −0.04 0.01 0.35

Tests for reaction time (NES2)

Simple Reaction Time (SRT)c d Number divesd 0.00 −0.01 0.00 0.60

Incident of DCI −0.01 −0.03 0.00 0.04

Continuous Performance Test (CPT)c d Number divesd −0.01 −0.01 0.00 0.16

Incident of DCI −0.01 −0.03 0.01 0.20
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An increase in the number of dives was associated with 
a lower score on the WAIS Information test.

The divers reporting an incident of DCI reported more 
symptoms on the Q 16 (p = 0.023), and they had signifi-
cantly weaker test results in the memory test, Benton VRT, 
both with respect to number correct (p = 0.008) and with 
respect to number errors (p = 0.0003). On the other hand, 
they performed significantly better in the reaction time test, 
SRT (p = 0.04).

Sixteen divers reported being a professional diver (many 
only part-time) at the 12-year follow-up. None of the test 
results at the 12-year follow-up were related to whether 
the participants reported a professional status as diver (not 
tabulated).

Self-reported symptoms assessed with the Q16 are 
shown in Table 4. The divers with incident of DCI did not 

answer “yes” to the questions related to memory com-
plaints (6, 7, 11, 13, 14) more often than divers without 
DCI. The question with largest contrast between the divers 
with and without DCI was “do you have headache once a 
week?” (p = 0.12).

Table 5 shows the unadjusted test results at base-
line and at the six- and 12-year examinations for the 37 
participants who attended the last follow-up. For the 37 
subjects who attended the last test session, the number 
of self-reported symptoms (Q 16) increased statistically 
significant during the 12-year period (p = 0.015). While 
the self-reported alcohol consumption increased from 5 to 
7 L/year (p = 0.08), the prevalence of smokers decreased 
considerably, from 51 to 32 % (p = 0.03). However, when 
taking into consideration the use of nicotine from ciga-
rettes and smokeless tobacco (snus) together, the decrease 

Table 4  Self-reported neuropsychiatric symptom, the Q16. Results for the divers included in the 12-year follow-up

Percentage answering “yes” to each question, for all of 37 divers, for the divers without and with DCI incident. Lower and upper CI for differ-
ence in percentage of positive answers between divers with and without DCI incident
a Fisher’s exact mid p test

Question All divers  
(N = 37)

Divers without  
DCI incident  
(N = 27)

Divers with  
DCI incident  
(N = 10)

Diff. in positive answers (%) 
divers with and without DCI 
incident

Positive  
answers (%)

Positive  
answers (%)

Positive 
answers (%)

p valuea

1 Are you abnormally tired? 5.4 7.4 0 0.53

2 Do you have palpitations even when you are not  
exerting yourself?

8.1 3.7 20 0.19

3 Do you often have a painful tingling in some part  
of your body?

2.7 0 10 0.27

4 Do you often feel irritated for no particular  
reason?

10.8 7.4 20 0.34

5 Do you often feel depressed for no particular  
reason?

8.1 3.7 20 0.19

6 Do you often find it difficult to concentrate? 27 29.6 20 0.60

7 Do you have a short memory? 37.8 40.7 30 0.58

8 Do you perspire for no particular reason? 2.7 3.7 0 0.73

9 Do you have any problems with buttoning and  
unbuttoning?

0 0 0 NA

10 Do you generally find it hard to grasp the meaning  
when reading newspapers and books?

8.1 7.4 10 0.8

11 Have your relatives told you that you have a short  
memory?

29.7 29.6 30 0.97

12 Do you sometimes feel a “weight” on your chest? 5.4 3.7 10 0.54

13 Do you have to make notes about what you must  
remember more often than you think is normal?

13.5 14.8 10 0.77

14 Do you often have to go back and check things  
you have done, such as turned off the stove,  
locked the door, etc.?

27 25.9 30 0.80

15 Do you have a headache at least once a week? 13.5 7.4 30 0.12

16 Are you less interested in sex than you think is  
normal?

0 0 0 NA
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in nicotine consumption over the 12 years was no longer 
significant.

Most of the neuropsychological test results (tests for 
attention span/working memory, processing speed and 
manual dexterity) were remarkably stable over the 12-year 
period. However, during this 12-year period, the partici-
pants improved their performance on the WAIS tests, Infor-
mation (p = 0.001) and Block Design (p = 0.012).

Table 6 shows the estimates of the TPT measures and 
reaction time measures at baseline, related to whether the 
students later became professional divers and whether they 
later experienced an incident of DCI.

The ability to remember the presented TPT figures 
while blindfolded was predictive of the likelihood of 
becoming a professional diver 12 years later (p = 0.016). 
The reaction time measures at the first examination did not 
predict future diving activity. None of the test results at 
baseline did predict future incidents of DCI. For the out-
come of DCI, an analysis with additional adjustments for 
number of dives and accidents per number of performed 
dives was performed, but the associations with the TPT 
measures and the reaction time tests remained nonsignifi-
cant (not tabulated).

Discussion

This longitudinal study investigated the associations 
between non-saturation diving and neuropsychological 
function. The main findings were that the number of per-
formed dives was not associated with impaired test results 
and that divers with a history of DCI performed less well 
in a memory test and they reported more neuropsychiatric 
symptoms. The results of a test that the students solved 
while blindfolded were predictive of their likelihood of 
becoming a professional diver 12 years later.

The participation rate in the follow-up study was high: 
86 % after 6 years and 74 % of the original group after 
12 years (77 % of those still alive), thus reducing the 
impact of selection bias. Although several researchers have 
agreed with the recommendations given by Peters and cow-
orkers (1977), to obtain baseline neurobehavioral results 
prior to employment, this is, to our knowledge, the first 
available neuropsychological study that has followed divers 
for several years (12 years), starting when the participants 
still were in school.

Effects related to numbers of dives

In the final follow-up, the divers had performed a median 
of 455 dives, ranging from 40 to 5,604 dives. This was 
considerably fewer dives than in the Norwegian study of 
construction divers, where the average number of dives 

was reported to be 4,087, ranging from 450 to 13,200 dives 
(Bast-Pettersen 1999).

With one exception, no impairment in test results was 
associated with the number of dives. The performance in 
the WAIS Information test was reduced related to the num-
ber of dives, but not with a history of DCI. The weaker per-
formance on WAIS Information among the divers who had 
performed more dives was most likely not an effect of div-
ing. The WAIS Information test is often used as a marker 
of “premorbid function.” The association with number of 
dives was more likely due to the choice to exclude diving 
as a profession among subjects with a more theoretical ori-
entation, which the WAIS Information test is supposed to 
measure.

The finding that no nervous system effects were associ-
ated with the number of dives (diving per se) is in accord-
ance with several other studies. Cordes et al. (2000) 
reported that there were no significant correlations between 
neuropsychological test results and diving indices in a 
group of military compressed-air divers without DCI, if the 
diving was conducted under controlled conditions. Ridg-
way and McFarland (2006) found normal neuropsycho-
logical test results in a group of breath-hold divers. Other 
studies have found associations between diving and neu-
ropsychological effects. In a study that covered both satura-
tion divers and non-saturation divers, mixed bounce diving 
and surface oxygen decompression diving were associated 
with poorer memory performance. DCI did not explain any 
of these associations (Taylor et al. 2006). A large study 
of UK divers not undergoing litigation, demonstrated that 
divers were more prone to report symptoms of any kind, 
but especially in the form of “forgetfulness or loss of con-
centration” regardless of their state of health (Ross et al. 
2007).

Effects related to DCI

Altogether, eleven divers reported an episode of DCI; 
ten of them were examined in the 12-year follow-up. An 
increased number of self-reported neuropsychiatric symp-
toms was associated with a history of DCI but not with 
the number of performed dives. The divers with incident 
of DCI did not report memory problems on the Q 16. The 
finding of impaired results in a memory test without report-
ing memory problems is in accordance with a study of self-
reported conceptions of memory and concentration, which 
reported that self-reported cognitive abilities can be trusted 
to only a limited degree (Bast-Pettersen 2006). Increased 
number of symptoms was reported by Trevett et al. (2010). 
Irgens et al. (2007) reported a reduced health-related qual-
ity of life among former North Sea divers with a history 
of DCS compared with divers without DCS. However, a 
large proportion of these divers with a history of DCS were 
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involved in a litigation process, which might influence their 
rating of their quality of life.

In the present study, a history of DCI was associated 
with a reduced performance in the memory test, Benton 
Visual Retention Test, with an increase of 1.3 (95 % CI 0.6, 
2.0) errors and a decrease of 0.7 (95 % CI −1.2, −0.2) cor-
rect scores (Table 3). Reporting a history of DCI was asso-
ciated with increased performance on SRT, with a differ-
ence in reaction time of −7.3 (95 % CI −13.9, −0.5) ms.

The Benton Visual Retention Test is a widely used mem-
ory test. The version used in this project allows a 10 s expo-
sure to each card with immediate recall by drawing. The 
test covers several cognitive aspects but a common view is 
that it primarily is a test of memory skills and secondar-
ily a test of attention span and perceptual-analytical abil-
ity. Executive control processes appear also to play a role 
in test performance (Strauss et al. 2006). The observed 
increase of 1.3 number of errors associated with DCI, 

Table 5  Neuropsychological test results for the 37 participants at the baseline, 6- and 12- year follow-ups, unadjusted results

a A higher value is a better score
b A lower value is a better score
c Paired t test for difference between baseline data versus 12 years follow-up

Baseline  
N = 37

6 year follow-up 
N = 36

12 year follow-up 
N = 37

Mean diff. baseline versus 
12-year follow-up

Pc

Mean (SD) Mean (SD) Mean (SD)

Age 25.7 (4.3) 31.5 (4.1) 36.9 (4.4) +11.2

Years of education 12.2 (1.5) 13.3 (1.6) 14.1 (1.9) +1.9

Cumulated number of dives during lifetime 
(median; min–max)

60 (0–1,000) 302 (40–3,654) 455 (40–5,604) +397

Years diving 3.6 (4.5) 8.4 (5.1) 12.2 (6.7) +8.6

Self-reported alcohol consumption (L/year) 5.01 (3.2) 4.93 (4.7) 7.03 (7.6) +2.02 0.08

Smokers (%) 51.4 52.8 32.4 −18.9 0.03

Smokers/users of smokeless tobacco (%) 59.5 61.1 51.4 −8.1 0.32

Cigarettes/week 62 (61) 56 (64) 32 (59) −30 0.005

Prevalence reporting incident of/DCI (%) 2.7 24.3 27

Self-reported symptoms, (Q16)b 1.2 (1.5) 1.3 (1.8) 2.0 (2.0) +0.8 0.015

Test for intellectual ability

WAIS Information, number correcta 21.4 (3.8) 21.9 (3.6) 22.4 (3.4) +1.0 0.001

WAIS Block Designa 43.5 (4.9) 43.8 (4.8) 44.8 (3.3) +1.3 0.012

Tests for visuomotor processing speed

WAIS Digit Symbola 59.3 (9.3) 61.0 (8.5) 60.2 (9.6) +1. 0 0.22

Trail Making Test Ab 23.1 (7.4) 22.3 (8.0) 22.9 (7.4) −0.2 0.90

Trails Making Test Bb 61.4 (24.1) 61.4 (23.5) 64.0 (31.9) +2.6 0.56

Attention span/working/visual memory

WAIS Digit Span—forwarda 6.8 (1.1) 6.7 (0.9) 7.1 (1.1) +0.3 0.86

WAIS Digit Span—backwarda 5.8 (1.4) 5.7 (1.4) 5.9 (1.2) +0.1 0.51

Benton Visual Retention Test Correcta 8.4 (0.9) 8.3 (1.1) 8.6 (1.1) +0.2 0.26

Benton Visual Retention Test Errorsb 1.9 (1.2) 2.1 (1.5) 1.6 (1.5) −0.3 0.27

Motor speed/manual dexterity

Pegboard, dominant handb 59.6 (6.8) 57.6 (6.9) 57.9 (10.2) −1.6 0.33

Pegboard, non-dominant handb 65.6 (11.3) 62.0 (8.6) 64.8 (9.4) −0.8 0.66

Spatial skills/spatial memory

Tactual Performance Test total timeb 10.4 (4.5) – – – –

Tactual Performance Test Memorya 8.9 (0.9) – – – –

Tactual Performance Test Localizationa 8.0 (1.4) – – – –

Tests for reaction time (NES2)

Simple Reaction Time (SRT)b 222 (20) 221 (19) 222 (17) 0 0.91

Continuous Performance Test (CPT)b 372 (28) 364 (28) 367 (30) −5 0.34
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corresponds closely to the average increase in number of 
errors between the age group 30–39 and the age group 50–
59, since, according to the norms, the expected increase in 
number of errors is 1.34 errors between those age groups 
(Sivan 1992). The observed decrease in number of correct 
designs of 0.7 associated with DCI was in the same way 
close to the expected difference in average performance 
between the age group 30–39 and the group 50–59, where 
the average decrease according to the norms is 0.8 correct 
designs. In an oversimplified way, it could be said that hav-
ing a history of DCI resulted in a reduced performance in 
a memory test corresponding to almost 20 years of aging.

However, we cannot completely rule out the possibil-
ity that the association between impaired test results and a 
history of DCI could be due to an unmeasured underlying 
predictor. The first author has, as a clinician, observed that 
in contrast to the Digit Span test where the psychologist 
controls the patient’s attention by presenting a new digit 
every second, response style can be quite important when 
performing the Benton Visual Retention Test. That is, if 
the person has a tendency to be a little impatient and do 
not utilize the10 s time period to check all the details, but 
ignores the complexity of the task, then his response style 
can affect the results.

In many ways, the Benton and the SRT measure oppo-
site cognitive qualities. There is no time pressure when 
answering the paper-and-pencil test Benton Visual Reten-
tion Test, and the subject can actually correct his drawing 
if he thinks he has made an error. The Simple Reaction 
Time test, on the other hand, assesses the response time in 

milliseconds. The SRT rewards the ability to react quickly 
without reflecting over whether you might have made mis-
takes. This tendency might be associated with risk-taking 
behavior, which in turn could lead to an increased chance 
of getting into an accident, and then an increased risk of 
having an incident of DCI. If this was the case in the pre-
sent study, this response style could represent a hypotheti-
cal unmeasured independent predictor (Hernan and Robins 
2013), for example a tendency to react a bit quick without 
checking all details.

The most important argument against this explanation is 
that we actually measured the reaction times at baseline and 
found that the reaction time measures at baseline did not 
predict future diving activity including incidents of DCI.

A more plausible explanation could be that the observed 
associations between test results and incidents of DCI 
could reflect a change in cognitive qualities due to DCI, 
resulting in a tendency to respond quick but in a more 
superficial way, without checking all details.

Several studies have reported memory problems related 
to DCI. Værnes et al. (1989) reported impaired results in a 
memory test in a group of saturation divers who had expe-
rienced an accident as a diver. Peters et al. (1977) reported 
impaired memory, tested with the Wechsler Memory Scale, 
in divers with DCI.

In contrast to our study, Værnes et al. (1989) also found 
weaker performance in the Trail Making Test B and in the 
Pegboard test among saturation divers with a previous diver-
related accident. Peters et al. (1977) found impaired results 
in several neuropsychological tests, including reduced IQ.

Table 6  Prediction of future diving parameters based on baseline measures for the Tactual Performance Test (TPT) and reaction times (SRT and 
CPT) a

a Logistic regression analysis, unadjusted estimates (left) and estimates adjusted for age and years of education at baseline (for CPT reading dif-
ficulties)
b A lower value is a better score
c A higher value is a better score
d Log transformed (log10)

Outcome Predictor Unadjusted Adjusted

Estimate Lower Upper p value Estimate Lower Upper p value

Professional 
diver at T12

Tactual Performance Test (TPT)-total Timeb −0.12 −0.33 0.04 0.20 −0.13 −0.37 0.06 0.23

Tactual Performance Test (TPT)-Memoryc 1.20 0.31 2.30 0.016 1.30 0.34 2.40 0.016

Tactual Performance Test (TPT)-Localizationc 0.31 −0.14 0.84 0.20 0.42 −0.08 1.00 0.13

Simple Reaction Time (SRT)b,d 0.011 −0.023 0.047 0.53 −0.0039 −0.047 0.037 0.85

Continuous Performance Test (CPT)b,d −0.0042 −0.031 0.021 0.74 −0.0043 −0.033 0.023 0.76

Incident of DCI Tactual Performance Test (TPT)-total timeb −0.07 −0.28 0.1 0.47 −0.03 −0.25 0.15 0.73

Tactual Performance Test (TPT)-Memoryc −0.43 −1.30 0.36 0.29 −0.59 −1.50 0.26 0.19

Tactual Performance Test (TPT)-Localizationc −0.23 −0.71 0.24 0.34 −0.35 −0.91 0.16 0.19

Simple Reaction Time (SRT)b,d 0.0073 −0.031 0.047 0.71 0.0029 −0.042 0.047 0.89

Continuous Performance Test (CPT)b,d −0.0017 −0.032 0.026 0.90 −0.0021 −0.032 0.026 0.89
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The divers in the present study had a fast reaction time, 
with an average SRT of 222 ms in the baseline study as well 
as in the last follow-up, and reporting an incident of DCI was 
associated with a slightly increased performance. Hemel-
ryck et al. (2013) found a faster reaction time in a group of 
SCUBA divers compared with referents. However, our find-
ing of improved results in the SRT seems to be in contrast to 
the findings of Kowalski et al. (2011), who found prolonged 
reaction times in very experienced scuba divers (military per-
sonnel) without DCS. The finding is also in contrast to the 
findings in the Norwegian study of construction divers (Bast-
Pettersen 1999), where a slightly prolonged reaction time 
(238 ms) was ascribed to extensive non-saturation construc-
tion diving. The construction divers in the 1999 study were 
older (mean age 39.8 years), and they had performed more 
dives (median number 1,750, compared to 455 in the present 
study). In a control group of male industrial workers, an aver-
age reaction time of 233 ms was found by using the same test 
equipment as in the present study (Bast-Pettersen et al. 2004).

All in all, the divers in this study had very good results 
in the Simple Reaction Time test. We have no explanation 
for the observed association between fast responsiveness 
and DCI. As previously mentioned, even if we consider it 
to be less likely, an unmeasured underlying predictor (Her-
nan and Robins 2013) cannot be ruled out completely.

Test results and background data related to a 12-year time 
span and to repeated measurements

It is noteworthy that for many of the test parameters, there 
were almost identical results during the 12 years, indicat-
ing the stability over time of many neuropsychological tests 
(Table 5). Self-reported symptoms measured with the Q 16 
increased during the 12-year follow-up. The actual number 
of symptoms (2.0) for the group in the last follow-up was 
comparable to what has been reported by reference groups 
in other studies of male manual workers (Bast-Pettersen 
et al. 2004; Bast-Pettersen 2009).

The increase of 2.0 L/year in self-reported alcohol con-
sumption was in accordance with the average consumption 
and increase in Norwegian alcohol consumption over the 
same years, Norway being the Nordic country with the lowest 
self-reported alcohol consumption (SIRUS, http://www.sirus.
no/eng). The prevalence of smokers decreased considerably, 
but when taking into consideration the use of nicotine either 
as smoked or smokeless tobacco, the reduction was smaller, 
from a prevalence of 59.6 to a prevalence of 51.4.

A phenomenon that has to be taken into consideration 
when a study utilizes repeated exposure to test materials is 
the practice effect, which refers to the impact of repeated 
exposure to a test, which may lead to improvements in test 
performance (Lezak et al. 2012; McCaffrey et al. 2000). In 
general, neuropsychological tests with a speeded component, 

those requiring an infrequently practiced response, or have a 
single, easily conceptualized solution, are most susceptible 
to the effects of practice (Lezak et al. 2012; McCaffrey et al. 
2000). Practice effects tend to be most pronounced with rep-
etition of the same test, but sheer test taking exposure can 
improve subsequent performances (McCaffrey et al. 2000). 
Although widely known, the literature offers little guidance 
on the interpretation and how to handle the practice effects. 
Improved test scores in tests for intellectual ability have been 
reported in many studies using intelligence tests (McCaffrey 
et al. 2000). In the mixed model analysis, the possible prac-
tice effect was taken into consideration by adjusting for the 
test sequence number (Table 5).

In the present study, the divers improved their results in 
the two subtests for intellectual ability (the WAIS subtests 
Information and Block Design). Few studies have retested 
a study group with 12 years between the first and the last 
session. The improved results in tests for intellectual ability 
might be due to a practice effect.

Studies on the neurobehavioral effects of diving seem 
to have given little attention to a possible practice effect. 
Curley (1988) applied neuropsychological tests in experi-
ments with Navy saturation divers over a 3-year period 
and administered the tests within 1 week before and after 
the dives. During most of the experiments, the divers per-
formed better in the second test session, which might be 
due to a practice effect (McCaffrey et al. 2000).

Prediction of future diving activity based on test results 
at baseline

A diver must be able to work in the dark, without much visual 
aid. Therefore, one of the aims was to study whether the ability 
to solve problems while blindfolded could predict future div-
ing parameters. The finding that the students who were able to 
remember most wooden shapes presented to them while blind-
folded had an increased likelihood of becoming a professional 
diver 12 years later is of interest (Table 6). This might indicate 
a self-selection to the diving profession of divers with a good 
ability to solve problems without the guidance of vision. We are 
not aware of other studies trying to predict future diving activ-
ity with this kind of neuropsychological tests. Other research-
ers have studied spatial abilities among divers, but they have 
focused on spatial abilities as an effect of diving either with 
the TPT (Værnes et al. 1989) or by using a locomotor maze 
to study whether spatial orientation was impaired in construc-
tion divers (Leplow et al. 2001). The reaction time measures 
at baseline were not associated with future diving parameters.

Aspects of validity

One of the strengths of this longitudinal study is the long 
follow-up time with a high participation rate. At the time of 

http://www.siius.no/eng
http://www.siius.no/eng
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the first follow-up, 43 divers accepted to participate, giving 
a participation rate of 86 percent after a follow-up time of 
6 years. In the last follow-up, there was a participation rate 
of 74 % of the original 50 subjects.

The high participation rates suggest that selection bias 
is not expected to have a large impact on results. Further, 
a mixed model approach is robust to baseline differences 
and to dropout if the mechanism of missing observations at 
follow-up is missing at random. The high participation rate 
is remarkable considering that participating in the study 
was demanding of the participants. The test sessions were 
quite long, and several participants had to travel a long dis-
tance to participate in the follow-up studies. Furthermore, 
men are less likely to participate in scientific studies than 
women (Galea and Tracey 2007).

The same certified clinical neuropsychologist (RB-P) 
tested all the divers in the two follow-up sessions and, with 
a few exceptions, all the divers in the first examination. The 
same test equipment was used across the test sessions, thus 
allowing stability in the way the test results were obtained.

In recent years, attention has been drawn to the concept 
of cognitive malingering defined as the intentional exag-
geration or fabrication of illness or disability motivated by 
external incentives (Greve et al. 2006) and to the concept of 
suboptimal performance (van Hout et al. 2003). This phe-
nomenon has been discussed as a methodological problem 
in studies of divers involved in a litigation process (Ross 
et al. 2007). However, patients in a litigation process are 
very different from the healthy young men in our study. 
None of the divers in the present study were involved in 
a litigation process. The divers were at the start of their 
diving careers, and they were anxious not to lose their 
certificate of medical fitness. Therefore, they were highly 
motivated to perform at their best, which was also illus-
trated clearly in the reaction time performances. Therefore, 
no validity tests were considered necessary in the present 
study.

The possibility that the impaired results in a memory test 
in divers with DCI could be due to somatoform disorders 
can also be ruled out. Patients with somatoform disorders 
often report chronic unexplained pain and fatigue. They 
also tend to be depressed, and many report problems with 
memory and concentration. And as shown in Table 4, the 
divers did not have memory or concentration complaints. 
In a psychological study of Gulf War veterans with and 
without Gulf War unexplained symptoms (Storzbach et al. 
2000), reaction time tests were more affected than memory 
tests among the case subjects with unexplained symptoms.

The relatively small number of subjects participating in 
this study represents a weakness of the study. Due to the 
moderate sample size, only the most important covariates: 
age, education or reading difficulties and practice effect 
were obligatory adjusted for. Smoking habits and alcohol 

consumption were only included if they were retained by 
the backward selection procedure described in the statistics 
section. The number of observations was 130, but, due to 
the dependency in data, the effective number of observa-
tions was somewhat less. The sample size was considered 
sufficient for managing the variables added to the model.

The limited number leads to even smaller subgroups; 
only 27 % of the divers reported a history of DCI. Another 
weakness of the study is that DCI is not well defined, and 
that stratification on type 1 and type 2 DCS has not been 
undertaken. However, neurologic symptoms may be over-
looked (Vann et al. 2010) once for instance when pain in 
the joints appears. According to Melamed et al. (1992), 
Type 1 and Type 2 DCS seem to be equally common. All 
in all, we have reasons to believe that the number of partici-
pants reporting DCI in our study is not an overestimation of 
the true number.

Some caution must also be made to the conclusion of 
adverse effects of DCI on neuropsychological functions as 
the several separate tests increase the probability of false 
positive findings. However, a correction for multiple testing 
using Bonferroni, or a less conservative approach such as 
the q value (Storey and Tibshirani 2003), still gives a sig-
nificant result for an adverse effect of DCI on the Benton 
VRT Errors test. We chose not to present p values adjusted 
for multiple comparisons as this largely inflates the false 
negative error (Rothman 1990).

Another potential weakness could be that the neuropsy-
chologist conducting the test was not blinded as regards the 
divers’ lifestyle parameters and health complaints including 
incidents of DCI. However, a neuropsychological exami-
nation is a very structured test, and the neuropsychologist 
(RB-P) was very experienced and conducted the tests in a 
standardized way. Other factors, like head injury, if une-
venly distributed between the groups with and without inci-
dents of DCI could also lead to a distortion in the observed 
association between the test results and DCI incidents.

The study was designed without an external control 
group. However, the large exposure contrasts within the 
group with respect to the number of dives allowed us to 
study the differences in test results related to the number 
of dives. In this respect, individuals with few dives serve 
the role of a control group better than an external control 
group which could introduce a possible difference in other 
sociodemographic characteristics.

Conclusions

In this prospective study of young men, examined while 
they were students in a diving school for professional 
divers, most neuropsychological test results were remark-
ably stable over a 12-year period. No adverse effects were 
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associated with the individuals’ cumulative number of 
dives. The divers with an incident of DCI reported more 
neuropsychiatric symptoms, and they performed worse in 
a memory test. None of the divers in the present study were 
involved in a litigation process, and there was no indication 
of a suboptimal performance motivated by external incen-
tives among the divers with an incident of DCI.

The diver students who were able to remember most 
wooden shapes presented to them while blindfolded had 
an increased likelihood of becoming a professional diver 
12 years later.

The observed associations between a history of DCI and 
impaired results in a memory test may be due to a nerv-
ous system effect caused by DCI. However, other hypo-
thetically unmeasured predictors of this outcome cannot be 
ruled out.

The main findings in the present study support the view 
that asymptomatic non-saturation divers who have dived 
under controlled conditions do not have an increased risk 
of impaired nervous system function, at least not to an 
extent that can be detected with neuropsychological tests 
while they still are relatively young.

Acknowledgments This study was supported financially by Sta-
toil’s Fund for Research in Occupational Medicine, Norway. First and 
foremost, we want to thank all the divers who were willing to partici-
pate through the long period. We would like to thank the Norwegian 
Commercial Diving School and PsyD Bjørn Tvedt for assistance in 
the first part of the study.

Conflict of interest The authors declare that they have no conflict 
of interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s) 
and the source are credited.

References

Bast-Pettersen R (1999) Long-term neuropsychological effects in 
non-saturation construction divers. Aviat Space Environ Med 
70(1):51–57

Bast-Pettersen R (2006) Self-reported conceptions of memory and 
concentration compared with neuropsychological test perfor-
mance in manual workers. Scand J Work Environ Health Suppl 
2:41–46

Bast-Pettersen R (2009) The neuropsychological diagnosis of chronic 
solvent induced encephalopathy (CSE)—a reanalysis of neu-
ropsychological test results in a group of CSE patients diagnosed 
20 years ago, based on comparisons with matched controls. Neu-
rotoxicology 30:1195–1201

Bast-Pettersen R, Ellingsen DG, Hetland SM, Thomassen Y (2004) 
Neuropsychological function in manganese alloy plant workers. 
Int Arch Occup Environ Health 77:277–287

Cordes P, Keil R, Bartsch T, Tetzlaff K, Reuter M, Hutzelmann 
A, Friege L, Meyer T, Bettinghausen E, Deuschl G (2000) 

Neurologic outcome of controlled compressed-air diving. Neu-
rology 55:1743–1745

Curley MD (1988) U.S. navy saturation diving and diver neuropsy-
chologic status. Undersea Biomed Res 15:39–50

Curley MD, Schwartz HJC, Zwingelberg KM (1988) Neuropsycho-
logic assessment of cerbral decompression sickness and gas 
embolism. Undersea Biomed Res 15:223–236

Engvik H, Hjerkinn O, Seim S (1978) WAIS. Wechsler adult intelli-
gence scale. The Norwegian Psychological Association, Oslo

Fitzmaurice GM, Laird NM, Ware JH (2011) Applied longitudinal 
analysis, 2nd edn. Wiley, New Jersey

Galea S, Tracey T (2007) Participation rates in epidemiological stud-
ies. Ann Epidemiol 17:643–653

Gempp E, Sbardella F, Stephant E, Constantin P, De Maistre S, Louge 
P, Blatteau JE (2010) Brain MRI signal abnormalities and right-
to-left shunting in asymptomatic military divers. Aviat Space 
Environ Med 81:1008–1012

Greve KW, Bianchini KJ, Black FW, Heinly MT, Love JM, Swift DA, 
Ciota M (2006) The prevalence of cognitive malingering in per-
sons reporting exposure to occupational and environmental sub-
stances. Neurotoxicology 27:940–950

Grønning M, Aarli JA (2011) Neurological effects of deep diving. J 
Neurol Sci 304:17–21

Grønning M, Risberg J, Skeidsvoll H, Moen G, Aanderud L, Tro-
land K, Sundal E, Thorsen E (2005) Electroencephalography and 
magnetic resonance imaging in neurological decompression sick-
ness. Undersea Hyperb Med 32(6):397–402

Hauge R, Irgens-Jensen O (1987) The alcohol in the Nordic countries. 
Tidsskr Nord alkoholforskn 4(Suppl):48–49 (In Norwegian)

Hemelryck W, Germonpré P, Papadopoulou V, Rozloznik M, Bal-
estra C (2013) Long term effects of recreational SCUBA div-
ing on higher cognitive function. Scand J Med Sci Sports. 
doi:10.111/sms.12100

Hernan MA and Robins JM (2013) Causal inference. http://www.hsph.
harvard.edu/miguel-hernan/causal-inference-book/

Hodgson M, Golding JF (1991) Psychometric evaluation of divers 
performing a series of Heliox non-saturation dives. Aviat Space 
Environ Med 62:407–413

Hugoson A, Hellqvist L, Rolandsson M, Birkhed D (2012) Dental 
caries in relation to smoking and the use of Swedish snus: epide-
miological studies covering 20 years (1983–2003). Acta Odontol 
Scand 70(4):289–296

Irgens Å, Grønning M, Troland K, Sundal E, Nyland HI, Thorsen E 
(2007) Reduced health-related quality of life in former North Sea 
divers is associated with decompression sickness. Occup Med 
57(5):349–354

Kowalski JT, Varn A, Röttger S, Seidack S, Kahler W, Andrasik F, 
Gerber WD, Koch A (2011) Neuropsychological deficits in scuba 
divers: an exploratory investigation. Undersea Hyperb Med 
38:197–204

Leplow B, Tetzlaff K, Höll D, Zeng L, Reuter M (2001) Spatial ori-
entation in construction divers–are there associations with diving 
experience? Int Arch Occup Environ Health 74:189–198

Letz R, Pieper WA, Morris RD (1996) NES test performance in a 
large US Army veteran sample: relationships with both demo-
graphic factors and traditional neuropsychological measures. 
Neurotoxicol Teratol 18:381–390

Lezak MD, Howieson DB, Bigler ED, Tranel D (2012) Neuropsycho-
logical assessment, 5th edn. Oxford University Press Inc, New 
York

Lundberg I, Högberg M, Michélsen H, Nise G, Hogsted C (1997) 
Evaluation of the Q16 questionnaire on neurotoxic symptoms and 
a review of its use. Occup Environ Med 54:343–350

McCaffrey RJ, Duff K, Westerwelt HJ (2000) Practitioner’s Guide to 
Evaluating Change with intellectual assessment instruments. Klu-
wer Academic/Plenum Publishers, New York

http://dx.doi.org/10.111/sms.12100
http://www.hsph.harvard.edu/miguel-hernan/causal-inference-book/
http://www.hsph.harvard.edu/miguel-hernan/causal-inference-book/


682 Int Arch Occup Environ Health (2015) 88:669–682

1 3

Melamed Y, Shupak A, Bitterman H (1992) Medical problems associ-
ated with underwater diving. NEJM Jan. 2 326(1):30–35

Murrison AW, Glasspool E, Pethybridge RJ, Francis TJR, Sedgwick 
EM (1995) Electroencephalographic study of divers with histo-
ries of neurological decompression illness. Occup Environ Med 
52:451–453

Peters BH, Levin HS, Kelly PJ (1977) Neurologic and psychologic 
manifestations of decompression illness in divers. Neurology 
27:125–127

Reitan RM, Wolfson D (1985) The Halstead-Reitan Neuropsychologi-
cal Test Battery. Theory and clinical implication. Neuropsychol-
ogy Press, Arizona

Ridgway L, McFarland K (2006) Apnea diving: long-term neuro-
cognitive sequelae of repeated hypoxemia. Clin Neuropsychol 
20:160–176

Ross JAS, Macdiarmid JI, Osman LM, Watt SJ, Godden DJ, Lawson 
A (2007) Health status of professional divers and offshore oil 
industry workers. Occup Med 57:254–261

Rothman KJ (1990) No adjustments are needed for multiple compari-
sons. Epidemiology 1(1):43–46

SIRUS, The Norwegian Institute for Alcohol and Drug Research, 
Oslo Norway. (http://www.sirus.no/eng/)

Sivan AB (1992) Benton Visual Retention Test, 5th edn. The Psycho-
logical Corporation, San Antonio

Skogstad M, Skare Ø (2008) Pulmonary function among professional 
divers over 12 years and the effect of total number of dives. Aviat 
Space Environ Med 79(9):1–5

Skogstad M, Eriksen T, Skare O (2009) A twelve-year longitudinal 
study of hearing thresholds among professional divers. Undersea 
Hyperbar Med 36:25–31

Slosman DO, De Ribaupierre S, Chicherio C, Ludwig C, Montandon 
ML, Allaoua M, Genton L, Pichard C, Grousset A, Mayer E, 
Annoni JM, De Ribaupierre A (2004) Negative neurofunctional 
effects of frequency, depth and environment in recreational 
scuba diving: the Geneva “memory dive” study. Br J Sports Med 
38(2):108–114

Storey JD, Tibshirani R (2003) Statistical significance for genom-
ewide studies. Proc Natl Acad Sci USA 100:9440–9445

Storzbach D, Campbell KA, Binder LM, McCauley L, Anger WK, 
Rohlman DS, Kovera CA (2000) Psychological differences 

between veterans with and without gulf war unexplained symp-
toms. Psychosom Med 62:726–735

Strauss E, Sherman EMS, Spreen O (2006) A compendium of neu-
ropsychological tests: administration, norms and commentary, 
3rd edn. Oxford University Press, New York

Taylor CL, Macdiarmid JI, Ross JA, Osman LM, Watt SJ, Adie W, 
Crawford JR, Lawson A (2006) Objective neuropsychological 
test performance of professional divers reporting a subjective 
complaint of “forgetfulness or loss of concentration”. Scand J 
Work Environ Health 32(4):310–317

Tetzlaff K, Friege L, Hutzelmann A, Reuter M, Höll D, Leplow B 
(1999) Magnetic resonance signal abnormalities and neuropsy-
chological deficits in elderly compressed-air-divers. Eur Neurol 
42:194–199

Todnem K, Skeidsvoll H, Svihus R, Rinck P, Riise T, Kambestad BK, 
Aarli JA (1991) Electroencephalography, evoked potentials and 
MRI brain scans in saturation divers. An epidemiological study. 
Electroencephalogr Clin Neurophysiol 79:322–329

Trevett A, Peck D, Forbes R (2010) The psychological impact of acci-
dents on recreational divers: a prospective study. J Psychosom 
Res 68:263–268

Værnes RJ, Aarli JA, Kløve H, Tønjum S (1987) Differential neu-
ropsychological effects of diving to 350 meters. Aviat Space 
Environ Med 58(2):155–165

Værnes RJ, Bergan T, Warncke M (1988) HPNS effects among 18 
divers during compression to 360 msw on heliox. Undersea 
Biomed Res 15(4):241–255

Værnes RJ, Kløve H, Ellertsen B (1989) Neuropsychologic effects of 
saturation diving. Undersea Biomed Res 16:233–251

van Hout MSE, Schmand B, Wekking EM, Hagemann G, Deelman 
BG (2003) Suboptimal performance on neuropsychological tests 
in patients with suspected chronic toxic encephalopathy. Neuro-
toxicology 24:547–551

Vann RD, Butler FK, Mitchell SJ, Moon RE (2010) Decompression 
illness. Lancet 377:153–164 (Issue 9760)

Williamson AM, Clarke B, Edmonds C (1987) Neurobehavioural 
effects of professional abalone Diving. Br J Ind Med 44:459–466

Wilmshurst P (1997) Brain damage in divers. Diving itself may cause 
brain damage-but we need more evidence. BMJ 314:689–690

http://www.sirus.no/eng/

	A twelve-year longitudinal study of neuropsychological function in non-saturation professional divers
	Abstract 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Neuropsychological studies of divers

	Objectives
	Subjects and methods
	Diving exposure and background data
	Test methods
	General intellectual ability
	Tests for visuomotor processing speed
	Attention span and workingvisual memory
	Motor speedmanual dexterity
	Tests for reaction time
	Spatial skills
	Statistics

	Results
	Discussion
	Effects related to numbers of dives
	Effects related to DCI
	Test results and background data related to a 12-year time span and to repeated measurements
	Prediction of future diving activity based on test results at baseline
	Aspects of validity

	Conclusions
	Acknowledgments 
	References




