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ABSTRACT
Introduction  Degenerative changes of the cervical spine 
often cause disability and flight duty limitations among 
Finnish Air Force (FINAF) fighter pilots. We aimed to study 
the effect of +Gz exposure on degenerative changes in 
the cervical spine by comparing cervical MRIs of FINAF 
fighter pilots and controls.
Methods  At baseline, the volunteer study population 
consisted of 56 20-year-old FINAF male fighter pilots 
(exposure group) and 56 21-year-old Army and Navy 
cadets (control group). Both groups underwent MRI of the 
cervical spine at the baseline and after 5 years. Degen-
erative changes evaluated using MRI included interver-
tebral disc (IVD) degeneration (Pfirrmann classification), 
disc herniations, uncovertebral arthrosis, Schmorl’s nodes, 
Modic changes, spinal canal stenosis, kyphosis and 
scoliosis.
Results  The degree of IVD degeneration in the whole 
cervical spine increased significantly in both populations 
with no between-group differences. The prevalence of disc 
herniations also tended to increase in both populations 
with no difference in the incidence over the follow-up. 
However, pilots proved to have more disc herniations at 
the baseline and at the follow-up. There were virtually no 
between-group differences in other assessed degenera-
tive changes.
Discussion  We found that IVD degeneration and the 
prevalence of disc herniations increased at a similar rate 
for fighter pilots and non-flying military students when 
all cervical levels were summed up. The lack of difference 
may be explained by the relatively low cumulative +Gz 
exposure during the first 5 years of a pilots’ career.

INTRODUCTION
Fighter pilots need to move their heads with full 
range of motion in three directions to observe the 
airspace around them with simultaneous exposure 
to high +Gz forces.1 The combination of +Gz 
forces and awkward head positions is potentially 
harmful for the structures of the cervical spine.2 
Neck pain is reported to be a common health 
problem among military pilots.3 4 A meta-analysis, 
consisting of 18 studies and more than 8000 pilots, 
revealed that 51% of fighter pilots suffered from 
neck disorders, and one-third of them had sought 
medical care for neck pain.4

Degenerative changes of the cervical spine in 
MRI include decreased signal intensity and height 
of intervertebral disc (IVD), annular fissures, 
protrusions/herniations and bone marrow lesions.5 
In a meta-analysis by Shiri et al,6 neck pain was 
more common among pilots exposed to high 

G-forces compared with pilots flying less G-ca-
pable aircraft, but the authors found no difference 
between the groups in terms of cervical IVD degen-
eration. However, the results of individual studies 
on cervical IVD degeneration are conflicting. For 
example, Hämäläinen and Petren-Mallmin and 
Linder found that there was an increased prev-
alence of degenerative changes in MRI among 
fighter pilots when compared with age-matched 
controls.7 8 Petrén-Mallmin and Linder8 found 
that experienced military pilots had significantly 
more osteophytes, protrusions/herniations and 
both spinal and foraminal stenosis. Furthermore, 
Hendriksen and Holewijn9 compared F-16 pilots to 
pilots flying less G-capable aircraft and found that 
frequent exposure to high +Gz forces may cause 
premature degenerative changes. However, several 
other studies10–12 did not observe a significant 
difference in cervical IVD degeneration between 
the pilots and controls.

The contributing factors to fighter pilots’ IVD 
degeneration are suggested to be the head move-
ments during the Gz exposure and cumulative 
trauma thereof. A recent study investigated in-flight 
neck muscle activity during combat manoeuvring. 
The results implicated that high +Gz combined with 
awkward head postures (eg, rotations in combina-
tion with extensions) causes a force exceeding the 
load-bearing capacity of the cervical muscles.1 This 
possibly results in more loading to the bony struc-
tures, IVDs and ligaments of the spine and may be 
a risk factor for early IVD degeneration. Further-
more, it has been suggested that the cumulative 
soft tissue (muscle or ligament) injuries may lead to 

Key messages

►► Fighter pilots are subject to high +Gz forces and 
awkward neck positions while flying.

►► It has been proven that the load-bearing 
capacity of the neck muscles can be exceeded 
during combat manoeuvring.

►► This may be harmful for the structures of the 
cervical spine, potentially leading to premature 
degeneration.

►► The present study suggests that cervical spine 
degeneration is present in both flying and non-
flying young healthy military male personnel.

►► The accessory effect of G-force stress in 
premature cervical spine degeneration is yet to 
be reliably discovered.
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unstable spinal structures that lead to abnormal IVD loads and 
later to degeneration.

Neck disorders may lead to temporary or permanent flight 
disqualifications or limitations.13 14 In the Finnish Air Forces 
(FINAF), disability accompanied by spinal IVD degeneration 
is reported as the most common reason for aeromedical limita-
tions.3 These flight duty limitations do not only cause individual 
harm but are economically and operationally significant. Fighter 
pilot training is highly expensive, which limits the number of 
pilots selected for fighter training. In order to preserve a suffi-
cient number of fighter pilots, the pilots must maintain their 
working capability both physically and mentally. Therefore, it is 
important to take care of and monitor the health of fighter pilots 
already in the training phases.

The primary aim of the present study was to investigate the 
effect of +Gz exposure on degenerative changes of the cervical 
spine by comparing FINAF fighter pilots and controls. The 
degenerative changes of the cervical spine (from C2 to Th1) 
were assessed by MRI.

METHODS
Subjects
At baseline, the volunteer study population consisted of 56 
FINAF male fighter pilot cadets and 56 sex-matched Finnish 
Defense Force Army and Navy cadets from the National Defense 
University as controls. FINAF cadets were flying BAe Hawk jet 
trainer (up to +8 Gz) during the follow-up. Whereas the control 
group’s occupations during follow-up varied mainly from office 
work to conscript trainers that do not expose to accessory 
neck strain or G force stress. All pilots and controls completed 
follow-up. A questionnaire considering health and physical 
condition was filled by both groups. The questionnaire included 
questions on age, weight, height and physical performance. This 
structured questionnaire has been used previously.15 We used the 
STROBE cohoreporting guidelines for this study(online supple-
mental file 1).

The results of the first Cooper’s test (12 min maximal distance 
running test) as a conscript were used to determine the phys-
ical condition of the subjects. Before starting the research, the 
procedures were explained to all the participants, who gave 
their voluntary written informed consent under the Declaration 
of Helsinki.

MRI examination
The MRI examinations were performed at the baseline and after a 
5-year follow-up for both populations, between 2008 and 2020. 
MRI images were acquired using clinical 1.5 T MRI scanners. 
The imaging protocols included conventional T1-weighted and 
T2-weighted fast spin echo sequences: for example, 11 ms TE 
(Echo Time) and 440 ms TR (Repetition Time) for T1-weighted 
and 113 ms TE and 3300 ms TR for T2-weighted sagittal images 
and 100 ms TE and 3700 ms TR for T2-weighted axial images. 
The slice thickness was 3 mm, and the in-plane resolution was 
0.47×0.47 mm for the sagittal plane and 0.35×0.35 mm for the 
axial plane.

The degree of IVD degeneration was assessed using the Pfirr-
mann classification with five grades consisting of evaluations of 
the disc space height, disc homogeneity, nucleus intensity and 
distinction between nucleus and annulus.16 An IVD degeneration 
sum score was composed by adding the scores of degenerated 
discs (Pfirrmann grades 1 and 2=0 p, grade 3 (mild degener-
ation)=1 p, grade 4 (moderate degeneration)=2 p, grade 5 
(severe degeneration)=3 p) together and divided by the number 

of subjects.17 IVD herniations were classified as protrusions, 
extrusions and sequesters but were later combined due to the 
low number of extrusions and sequesters.18 Schmorl’s nodes 
were evaluated from each vertebral body throughout the cervical 
spine.19 Osteophytes were assessed from both sides of vertebral 
bodies and classified as uncovertebral arthrosis whether the 
osteophytes were unilateral or bilateral.20 Scoliosis was noted 
if a scoliotic angle of at least 10° was measured.21 The spinal 
rotation was not measured as we did not address a medical diag-
nosis of scoliosis. The kyphotic angle was measured using the 
Harrison posterior tangent method and recorded if the kyphotic 
angle in the cervical spine was at least 1°.22 Spinal canal stenosis 
was first recorded at each cervical level individually but was later 
simplified to comprise the whole cervical spine.23 Modic changes 
(types 1, 2 and 3) were evaluated using both T1-weighted and 
T2-weighted images as described.24

The MRI scans were read by two persons including a muscu-
loskeletal radiologist. The scans were not assessed blinded due to 
data security practices concerning pilot information. Both exam-
iners were blinded to each other’s findings. The intrarater and 
inter-rater reliabilities were assessed using kappa and weighted 
kappa coefficients.

Statistical analysis
Data from the MRI examinations and questionnaire were anal-
ysed using SPSS Statistics V.25 software for Windows. Descrip-
tive statistics were presented as means and SDs for continuous 
variables with normal distributions, medians with IQRs for 
continuous variables with skewed distributions or percentages 
and frequencies (n) for categorical variables (exceptions are 
mentioned in table descriptions). Normality was evaluated by 
visual inspection. The tests used to determine the association 
between groups, symptoms and MRI findings included indepen-
dent sample t-test for continuous variables with normal distribu-
tions, a Mann-Whitney test for continuous variables with skewed 
distributions, a χ2 test for categorical variables, a Wilcoxon test 
for repeated measurements for continuous variables with skewed 
distributions and a McNemar test for repeated measurements for 
class variables. The threshold for statistical significance was set 
at p=0.05.

RESULTS
Subjects
There was no significant difference at the baseline in height, 
weight, BMI or last school grade of physical education between 
the groups. However, the pilots were younger and had performed 
better in their first Coopers test as a conscript (Table 1).

Table 1  Main characteristics of the samples at the baseline

Characteristic Pilots (n=56) Controls (n=56) P for difference

Age (years) 20 (±0.7) 21 (±1.2) <0.001

Height (cm) 179.9 (±4.7) 180.4 (±5.6) 0.650

Weight (kg) 75.7 (±6.3) 77.0 (±7.7) 0.346

BMI (kg/m) 23.4 (±1.6) 23.6 (±1.9) 0.467

Cooper’s test* (m) 3040 (±190) 2780 (±420) <0.001

Last physical 
education grade

9.29 (±0.62) 9.13 (±0.85) 0.258

The values are means with SD.
BMI, body mass index.
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IVD degeneration
During the follow-up, a statistically significant progression in 
IVD degeneration was found in both groups. Progression was 
noted for both pilots and controls in IVD degeneration at all 
levels from C2/C3 to C6/C7 (Table 2) and in the IVD degenera-
tion sum score (Table 3). At C7/Th1, the change was not signifi-
cant in either group. When comparing the groups, the change in 
Pfirrmann score among the fighter pilots was of greater magni-
tude at C6/C7 (p=0.007). There was no significant difference 
in the change of the IVD degeneration sum score between the 
groups. There was no between-group difference at the baseline 
or follow-up (Table 3, Figure 1).

IVD herniations
The total number of IVD herniations increased significantly 
among controls (p=0.004) and showed an almost increasing 
trend among pilots (p=0.061). Both at baseline and follow-up, 
the fighter pilots had a higher prevalence of IVD herniations, 
but there was no difference in the incidence of IVD herniations 
between the groups (Table 3).

Other cervical degenerative changes
The prevalence of uncovertebral arthrosis (number of arthritic 
vertebral levels per individual) did not differ at baseline, but 
at follow-up, it was higher among the pilots. There was no 
difference in the incidence of uncovertebral arthrosis between 
the groups. No between-group differences were observed in 
Schmorl’s nodes, Modic changes, kyphosis, scoliosis or stenosis 
at the baseline or follow-up. Two pilots developed type 1 Modic 
change during the follow-up, whereas one control had a type 2 
Modic change at the baseline and developed one more type 2 
Modic change during the follow-up (Table 3).

Rater reliability
All intrarater reliabilities were substantial or perfect (0.6–1.0). 
Inter-rater reliabilities were between 0.6 and 1.0 for disc herni-
ations, Schmorl’s nodes, Modic changes, kyphosis and scoliosis. 
There was more disagreement in uncovertebral arthrosis (0.3) 
and IVD degeneration (0.2) in which the disagreement was 
linear in nature.

DISCUSSION
According to the present findings, there was a progression of 
IVD degeneration in both groups. Additionally, the prevalence 
of disc herniations increased significantly among the controls 
and had an increasing trend of borderline significance among 
pilots. However, a more prominent progression in the fighter 
pilots with cumulative +Gz exposure was observed only in IVD 
degeneration at C6/C7. We did not find any progression of unco-
vertebral arthrosis, Schmorl’s nodes, Modic changes, kyphosis, 
stenosis or scoliosis during the follow-up. We found higher 
prevalence of herniations in pilots at baseline and at follow-up. 
Because either of the populations had been exposed to G force 
stress at baseline and the other underlying factors are unknown, 
our primary aim was to assess the incidences. Also, the controls 
seem to trend worse in disc degeneration sum score medians at 
baseline (Table 3). However, the difference was not significant 
either in disc degeneration sum score medians or in average Pfir-
rmann scores (pilots 2.22, controls 2.35).

Control population selection
The control population proved to be physically very similar 
to the study population. There was no statistically significant 

difference in height, weight, BMI or physical education grade 
between the groups. The difference in age proved to be statis-
tically significant, but the difference was only 0.7 years. The 
notable difference in the average result of the Cooper’s test may 
be partly explained by more demanding physical performance 
requirements during the application phase for the fighter pilot 
training.

Comparison to previous literature
The present findings of IVD degeneration were similar to the 
meta-analysis by Shiri et al.6 However, when comparing our 
results with individual studies, there were some conflicting 
results,7 8 whereas others were well in line with our results.10 11 
When comparing the present results to previous studies, it has 
to be kept in mind that the previous investigations have had 
limitations such as a small number of subjects. Both Hämäläinen 
and Sovelius used only 12 fighter pilots with 12 age-matched 
controls.7 11 In Sovelius’s study, degenerative changes in the 
cervical spine of fighter pilots were more common in the lower 
part of the cervical spine, especially at the C5/C6 and C6/C7 
levels.11 Instead, the degenerative changes in the control group 
were more scattered in both studies.7 11

The fighter pilots had a total experience of 5 years of military 
flying and only 3 years of flying with high performance aircraft 
(up to +8 Gz). A comparison between our study and other 
studies must be made with caution, since the Hawk flight hours 
were below 200.

Magnetic resonance imaging
MRI is widely used in this research field. The Harrison poste-
rior tangent method is an accurate method for estimating the 
curvature of the cervical spine, and it has lower SEs of measure-
ment than the four-line or two-line Cobb methods.22 However, 
our intention was not to diagnose kyphosis but only to assess 
kyphotic angles in the images. MRI also shows the shape of 
IVDs and vertebrae clearly and is commonly used for recording 
Schmorl’s nodes.19

The prevalence of some MRI findings (eg, Modic changes and 
spinal canal stenosis) was low, excluding any prominent differ-
ences between the groups. The inter-rater disagreement in IVD 
degeneration is endorsed by the fact that the Pfirrmann classi-
fication is primarily structured for and used in the assessment 
of lumbar IVDs, but it has been adapted also in assessment of 
cervical spine.16 25 Our aim was to assess the incidences between 
groups and not primarily the prevalences.

When comparing results with previous studies, it must be taken 
into account that they have used rather low-quality MRI devices. 
Hämäläinen used a 0.1 T MRI device, and Petren-Mallmin and 
Linder used a 0.5 T device throughout the study.7 8 Sovelius used 
a 0.1 T MRI device in the baseline phase, which was replaced 
by a 1.0 T device in follow-up phase.11 In the Hendriksen and 
Holewijn9 study, the mean age of the F-16 group was higher than 
the control group. After the groups were adjusted for age, the 
difference between the groups disappeared.

When comparing IVD degeneration of our population 
to civilian 21–30 year-old male population, the results were 
similar with Pfirrmann grades 2 and 3 being clearly the most 
common.25 Our finding of the highest prevalence of disc herni-
ations and IVD degeneration in the lower cervical spine (ie, C5/
C6) is also similar to other studies. The lower cervical spine was 
most affected in non-flying 12–95 year-old population and age-
matched FINAF fighter pilots.11 25
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Cumulative +Gz stress
The association between spinal injury-induced flight duty 
limitations and cumulative +Gz exposure in FINAF pilots 
was studied in 2018.3 The cumulative +Gz stress of the 
first 5 years of a pilot’s career was assessed using a fatigue 
index. The study population consisted of 23 pilots with 
spinal injury-induced flight duty limitations and the controls 
of 50 symptomless pilots. At the time (between 1995 and 
2004), the cumulative +Gz load was much higher due to 
the old fighter training programmes. Thus, our results may 
be partially explained by the relatively low +Gz exposure 
during the first 5 years of the pilots’ careers. Furthermore, 
the 5-year follow-up period of the young fighter pilots may 
be too short to discern a difference between flying and non-
flying personnel.

Study evaluation
The strength of present study was the prospective study 
design and the physically similar groups. In contrast to 
previous studies, the considerable number of fighter pilots 
included in this study increased the reliability of our find-
ings. Furthermore, the use of reliable and valid imaging 
modality (MRI) in this investigation enhances the quality 
of the study. We classified the MRI findings according to 
validated methods, which enhances the comparability of our 
results to other studies.

CONCLUSIONS
In summary, this was a novel prospective study with proper 
control selection to evaluate the effects of +Gz forces on 
degenerative changes in the cervical spines of fighter pilots. 
The result of our study indicates that the effects of +Gz 
forces on cervical spine degenerative changes were not 
statistically significant for the most part in comparison with 
non-flying subjects. The only significant difference between 
the groups was in the incidence of IVD degeneration of the 
fighter pilots at C6/C7. It is noteworthy that our fighter 
pilots were exposed to high +Gz forces for only 3 years 
during the follow-up period.

The present 5-year follow-up study suggests that signifi-
cant cervical degeneration is prevalent in young healthy male 
military personnel. Therefore, further research is needed to 
ensure that unnecessary neck strain is not applied to fighter 
pilots or other military personnel.
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Table 3  Difference between pilots and controls in MRI findings

 
 

Finding

Pilots Controls Between-group differences

Baseline Follow-up
P for change 
within group Baseline Follow-up

P for change 
within group

P for difference 
in baseline 
value between 
groups

P for difference 
in follow-up 
value between 
groups

P for difference 
in changes 
between 
groups

Disc degeneration 
sum score; median 
(IQR)

1.5 (1–3) 3 (2–5) <0.001 3.0 (1–3.75) 4 (2–5) <0.001 0.090 0.525 0.225

Disc herniation 23 (13) 45 (25) 0.061 5 (3) 25 (14) 0.004 0.015 0.020 0.689

Uncovertebral 
arthrosis

26.8 (15) 33.9 (19) 0.454 23.2 (13) 17.6 (10) 0.625 0.440 0.024 0.182

Schmorl’s node 5.4 (3) 3.6 (2) >0.999 3.6 (2) 7.1 (4) 0.500 >0.999 0.679 0.252

Modic change 0.0 (0) 3.6 (2) 0.500 1.8 (1) 3.6 (2) >0.999 >0.999 >0.999 0.625

Spinal canal 
stenosis

1.8 (1) 7.1 (4) 0.250 3.6 (2) 3.6 (2) >0.999 >0.999 0.679 0.243

Kyphosis 30.4 (17) 21.4 (12) 0.267 30.4 (17) 23.2 (13) 0.289 >0.999 >0.999 0.826

Scoliosis 3.6 (2) 3.6 (2) >0.999 3.6 (2) 1.8 (1) >0.999 >0.999 >0.999 >0.999

The values are percentages (number of findings per individual) with frequencies (number of findings in group) unless otherwise noted.

Figure 1  Boxplot of the intervertebral disc degeneration sum score 
among different groups.
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