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R e s e a R c h  a R t i c l e  

+Gz Exposure and Flight Duty Limitations
Roope sovelius; tuomas honkanen; Marjo Janhunen; Maunu Mäntylä; heini huhtala; tuomo leino

 BACKGROUND: high +Gz exposure is known to cause spinal problems in fighter pilots, but the amount of tolerable cumulative +Gz 
exposure or its intensity is not known. the aims of this study were to assess possible breaking points during a flight 
career and to evaluate possible determinants affecting pilots’ spines.

 METHODS: survival analysis was performed on the population who started their jet training in 1995–2015. the endpoint was 
permanent flight duty restriction due to spinal disorder. then the quantified Gz exposure and possible confounding 
factors were compared between those pilots with permanent flying restriction and their matched controls. cumulative 
Gz exposure was measured sortie by sortie with fatigue index (Fi) recordings. Fi is determined by the number of times 
certain levels of Gz are exceeded during the sorties.

 RESULTS: the linear trend of the survival curve indicates an annual 0.86% drop out rate due to spinal problems among the 
fighter pilot population. a conditional logistic regression did not find any difference in the Fi between cases and controls 
(OR 0.96, 95%ci 0.87–1.06). No statistical difference was found for flight hours, a sum of intensive flying periods, fitness 
tests, or with nicotine product use. additionally, a maximum +Gz limitation without airframe restriction was assessed 
and is presented as a useful tool to manage loading and developed symptoms.

 DISCUSSION: No particular breaking point during follow-up or individual factor was found for Gz induced spinal disorders. the results 
of the study outline the multifactorial nature of the problem. thus, multifactorial countermeasures are also needed to 
protect pilots’ health.

 KEYWORDS: case-control, military pilots, musculoskeletal disorder, dose-dependent, acceleration.
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Flight-induced neck or back pain among modern fighter 
pilots is a common and persistent problem.7,8,13 Acute 
pain periods may lead to more permanent symptoms and 

degenerative changes in spinal structures.1,2 The prevalence 
rate of spinal disorders among fighter pilots has been found to 
range from 25–95% depending on the length of the surveyed 
period. This also has operational impacts and has raised differ-
ent concerns besides health issues. Decreased operational per-
formance was found in 38% of fighter pilots in Australian and 
Japanese studies.12,16

There are both aeromedical and administrative needs to 
restricting and diminishing occupational loading in the case of 
persistent flight-related symptoms. Conventionally fighter 
pilots have been grounded permanently, transferred to trans-
port aircraft, or waivered for limited maximum +Gz sorties with 
fighters.

Despite numerous epidemiological studies, there is need  
for studies on the dose-dependent relationship between +Gz 

exposure and spinal disorders. It has been shown that the 
cumulative G exposure has more effect on neck pain than the 
peak G exposure.11 Honkanen et al.10 studied the quantity of Gz 
exposure, but did not find a correlation between +Gz  exposure 
in early flying careers and spinal injury-induced flight duty lim-
itations. Yet this study is the only one reporting the measured 
individual quantity of +Gz exposure, not the  exposure by flight 
hours or aircraft type flown.
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The objective of this study is threefold. First, to analyze the 
career-long incidence of permanent flight duty limitations to 
determine possible higher risk phases during a flight career. 
Secondly, to compare cumulative +Gz loading between pilots 
with neck or back problems and their matched controls to 
determine the dose dependency of +Gz exposure and perma-
nent spinal symptoms. And thirdly, to evaluate the effect of 
maximum +Gz limitation on cumulative loading dose of +Gz 
after a limitation is set. The aim of this study was to increase 
knowledge of confounding factors for spine loading in high 
+Gz environments.

METHODS

Subjects
This study is a register-based follow-up research. The data was 
collected from the Finnish Air Force’s (FINAF’s) registers, flight 
database, and annual aeromedical examinations. The study was 
approved by the Finnish Defense Force review board of research 
permits.

The first part of the study, survival analysis, was deter-
mined over cohort, including all FINAF pilots who started 
jet training between the years 1995 and 2015. In the begin-
ning of the training, they all met the aeromedical require-
ments for aircrew of high-performance aircraft (HPA) and 
were asymptomatic in terms of spinal disorders. Individuals 
with symptomatic findings in baseline spinal MRI screening 
before enrolment to fighter pilot training had been 
disqualified.

In the second part of the study, a case-control study, the 
subjects were collected from the same cohort as presented 
above. The selection criteria for the subjects are presented in 
Fig. 1. Cases were included if they had any flight duty limita-
tion due to spinal issues. Pilots with inflammatory spinal 
diseases were excluded, as their symptoms were not consid-
ered +Gz loading induced, as were those with less flying 
experience than 100 h in HPA, as their +Gz exposure was 
considered too low to cause cumulative loading effects on 
the spine. Cases were subclassified by the affected anatomi-
cal part of the spine (cervical or lumbar). Two controls were 
selected for each case. Controls were matched on annual 
cohort (± 1 yr) and curriculum of flying career thereafter 
with the cases. The follow-up time of the controls was 
matched with their cases.

At the beginning of the case-control study, subjects’ mean age 
was 23 yr (range 21–25 yr), height 179 cm (range 169–191 cm), 
weight 75 kg (range 61–96 kg), and BMI 23.5 (range 19.6–27.8). 
During the follow-up, subjects accumulated an average of 1122 
flight hours (range 182–2305 h) in high performance jets (BAE 
Hawk, F/A-18 C/D). Demographic information of cases and 
controls is presented in more detail in Table I. There was no 
difference in demographics between groups. All subjects 
were men.

Subjects’ nicotine product use was categorized as ever/
never. Respectively, 39.3% and 41.4% of cases and controls 

were nicotine users. These figures are relatively high and pos-
sibly overestimate the prevalence of nicotine use among the 
study population, especially toward the end of the follow-up 
period. If pilots answered yes to regular use of nicotine prod-
ucts in any annual aeromedical examination, he was consid-
ered a user. The rationale behind this categorization was to 
not miss any nicotine effect on spinal degeneration during 
follow-up.

The subjects’ annual fit-to-fly exercise test results were col-
lected and they were classified into four fitness groups based on 
their follow-up period averaged results. The exercise test is a 
maximal bicycle ergometer test with work rate increments of 
50 W per 2-min stages. The test result is determined by the last 
minute workload divided by the subject’s weight and 3.4 W/kg 
is the required minimum level for fighter pilots in FINAF. 
Classifications for this study were based on the levels reached 
up to 3.5 W/kg, 4.0 W/kg, 4.5 W/kg, or above.

FINAF HPA Pilots

Permanent flight duty 
limita�on due to 
spinal disorder

HPA flying experience 
> 100h

1st HPA flight 
between 1995-2015

Total n = 36

Cervical n = 22

Lumbar n= 14

Matched controls

Cervical n = 2 x 22

Lumbar n = 2 x 14

Cases with spinal 
disease excluded

Fig. 1. Selection criteria for this case–control study.

Table I. Demographic Comparison Between Case and Control Groups 
(Mean ± SD).

CASE CONTROL P-VALUE
Age (yr) 22.4 ± 1.0 22.5 ± 1.0 0.618
Follow-up  

time (yr)
10.4 ± 4.8 10.2 ± 4.8 0.853

Flight hours (h) 1009.0 ± 451.1 1002 ± 525.6 0.951
Height (cm) 177.9 ± 5.0 180 ± 5.2 0.072
Body mass (kg) 77.3 ± 6.6 77.0 ± 7.5 0.851
BMI (kg · m−2) 24.1 ± 1.9 23.9 ± 2.0 0.495
Nicotine users 39.3% 41.4% 0.522
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Procedure
Fighter pilots cumulative +Gz loading is determined using 
the Fatigue Index (FI) sortie by sortie. FI is obtained from 
FINAF flight data recordings and is presented in more detail 
in our previous study.10 Since 1995, +Gz loads of FINAF jet 
aircraft BAE Hawks and F/A-18C/D Hornets have been 
recorded into a database where aircrew can also be identified 
sortie by sortie. FI is determined by the number of times the 
levels of +0.25, +2.5, +3.5, +4.5, +5.5, +7.0, and +8.0 Gz are 
exceeded during the sorties or, respectively, levels lower than 
−0.5 and −1.5 Gz are reached. The FI values from each sortie 
were then given a figure representing the amount of +Gz 
exposure during that particular sortie. This is calculated 
using the following equation:

FI =  (5.17584 ∗ m2 – 0.4053 ∗ m + 771.2636) ∗ 10−7  
∗ (95/957 ∗ G1 + 33.0343 ∗ G2 + 0.3467 ∗ G3  
+ 1.065 ∗ G4 + 19.177 ∗ G5 + 69.8557 ∗ G6  
+ 204/8637 ∗ G7 + 450.418 ∗ G8 + 393/5057 ∗ G9)

Where m = mass of aircraft and Gi = level of +Gz exceeded or 
−Gz passed during the sortie: G1 = –1.5 Gz, G2 = –0.5 Gz, G3 = 
0.25 Gz, G4 = 2.5 Gz, G5 = 3.5 Gz, G6 = 4.5 Gz, G7 = 5.5 Gz, G8 = 
7.0 Gz, and G9 = 8.0 Gz. Cumulative exposure for Gz is then 
determined per 1000 flight hours.

Statistical Analysis
The survival analysis was performed using the Kaplan-Meier 
method. Cervical and lumbar cases were analyzed separately 
and combined. The endpoint for events in the survival analysis 
of the follow-up was the date when a fighter pilot was given a 
permanent flying limitation (permanent grounding, restricted 
to no HPA, or waivered with certain max +Gz limitation in 
HPA due to spinal degeneration).

In the case-control study, subjects’ demographic characteris-
tics were analyzed through means with range or with standard 
deviation (± SD). Pair-wise t-test was used for a comparison of 
the demographics between the groups. Conditional fixed- 
effects logistic regression analyses were used to calculate odds 
ratios (OR) with 95% confidence intervals (CI) between groups 
with cumulative Gz loading (cumulative FI) as an independent 
variable. The grouping of matched cases and controls was 
maintained in this conditional logistic regression analysis. The 
cumulative FI was adjusted for potential confounders such as 
flight hours, flight intensity, physical fitness, anthropometry, 
and nicotine product use. A more strenuous flight intensity was 
determined as the sum of conditions when two high FI sorties 
were flown consecutively with a poor recuperation time. A high 
FI threshold for a flight was set as 0.013 as this is in line with the 
suggested maximum annual exposure of 13 FI/1000 flight 
hours. Time periods of a maximum of 48 h and 24 h were used 

Fig. 2. Kaplan-Meier survival among the jet pilot population with permanent flight limitation due to spinal disorder as an endpoint. Cervical and lumbar cases 
are presented separately and combined (Total).
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as it is shown in the literature that muscular recuperation after 
strenuous loading may take 24–72 h.

RESULTS

Kaplan-Meier analysis showed a linear trend of prevalence in 
the flight duty limitations (Fig. 2). The slope of the survival 
curve indicates a −0.86% drop out rate annually among the 
pilot population. No steep curves or otherwise different trends 
could be seen either for cervical or lumbar degeneration 
throughout the flying career. Mean follow-up time was 12.3 yr 
(range 2–20). In total, 118,323 sorties flown were counted in 
analyses. Due to sensitive information, other descriptive statis-
tics about the analyzed cohort are not given.

There was no difference in cumulative loading (FI) between 
cases and controls during the follow-up period (OR 0.96, 95% 
CI 0.87–1.06). In addition, their accumulated HPA flight hours 
were equal (OR 1.00, 95%CI 0.998–1.002, P = 0.453).

As there was no difference in +Gz exposure between 
groups, intensity of the logged flights was checked for an 
explanation for the flight-induced spinal disorders. Possible 
insufficient recuperation time after particularly strenuous 
flights was determined as a sum of conditions when two 
flights with FI more than 0.013 took place consecutively in 
less than 48 h or 24 h. Odds ratios were respectively the same 
(0.99, 95%CI 0.98–1.00, P = 0.226; and 0.99, 95%CI 0.98–1.00, 
P = 0.226). Thus, there was no difference between groups in 
the flight intensity over the follow-up period.

Maximal anaerobic exercise test results were not different 
between groups. The odds ratio was 0.59 (95%CI 0.15–2.24,  
P = 0.440). Similarly, nicotine use was not significant in either 
group (OR 0.67, 95%CI 0.25–1.78, P = 0.426). Moreover, there 
was no statistical difference between the groups in the cumula-
tive FI with presented independent variables when cervical and 
lumbar cases were determined separately.

The effect of +Gz limitation on a pilot’s exposure is presented 
in Fig. 3. The presented data includes all levels of +Gz limita-
tions varying from max +4 Gz to max +6 Gz. The mean annual 
FI/1000 h before and after setting the max +Gz limitation was, 
respectively, 1.237 and 0.204. Possible self-administration of Gz 
loading or temporary flight limitations due to musculoskeletal 
symptoms before a permanent flight limitation were not able to 
be excluded from FI values. Still, cutting the top of the loading 
reduced the quantity of +Gz loading to one-fifth what it was 
before the limitation.

DISCUSSION

The prevalence of flight duty limitations did not show any steep 
steps during the follow-up period. This indicates that there is no 
particular training phase significantly more than any other which 
would cause permanent spinal disorders during the pilots’ 
careers. Alternatively, it more probably indicates the loading 
effect of +Gz exposure evens out over time, in terms of developing 
degenerative changes in the spine. Cervical structures are sub-
jected to a high amount of strain due to awkward head positions 

Fig. 3. The effect of Gz limitation on spinal loading exposure. Annual FI/1000 h (mean ± SD) is presented before and after Gz limitation. Dotted lines represent 
mean FI/1000 h over the years before or after Gz limitation set at year 0.
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during high +Gz
22 and, thus, the cervical spine is prone to high 

risk of occupation-induced health problems. Alternatively, the 
lumbar part of the spine also takes more load during high +Gz 
and vertebras and lumbar intervertebral discs are exposed to 
higher loading as there is more body weight to bear.15 However, 
both parts of the spine seem to fatigue in the same manner. The 
linear trend in the prevalence of flight duty limitations warrants 
career-long countermeasures against +Gz exposure. There is not 
any particular time frame when supportive actions should  
be executed. Persons enrolling in a fighter pilot program must be 
prepared for the physical demands of their occupation before 
they are exposed to it. All-level countermeasures are widely pre-
sented, e.g., Coakwell’s review article4 and more recently in the 
NATO HFM-252 Aircrew Neck Pain report.6

Additionally, it may be hypothesized that the nature of the 
linear trend of spinal disorders covers different conditions: in 
the beginning of a career symptoms may be due to higher 
intensity of loading that result in more muscular-based symp-
toms, during midcareer it may be more due to premature 
degeneration of the spine by cumulative +Gz exposure, and 
toward the end of a career the effect of aging is taking a role in 
spinal degeneration and its symptoms. In the meta-analysis of 
Shiri,20 Gz exposure was associated with neck pain, but showed 
no differences in the prevalence of radiological disc degenera-
tion between fighter pilots and controls. This possibly outlines 
the hypothesized trend of acute pain, appearing more slowly 
in radiological findings and then the aging effect confounding 
the outcome. However, the present study’s data is not able to 
give scientific evidence for this hypothesis. The research 
methods used would need to at least include repeated survey 
data and controlled spinal imaging in addition.

The linear slope of the trend line of the survival curve during 
follow-up was −0.86. If an operative unit of fighters is, e.g., a 
flight of 4 aircraft, and armed forces have 100 fighter pilots, the 
current dropout rate shown here gives a loss of a flight after 4 yr 
and a loss of two flights after 8 to 9 yr from the beginning of 
HPA training. If the armed forces have 500 fighter pilots, the 
loss is a man power of 5 and 10 flights, respectively (20 or 
40 pilots), just due to spinal disorders. Readers may consider 
the operative relevance of these figures by applying this trend to 
the number of fighter pilots in their armed forces.

There was no difference in the cumulative +Gz exposure 
between cases and controls. Those pilots who have permanent 
musculoskeletal disorders have not flown more strenuously 
than the others. This result indicates, at least within this study 
population, that cumulative +Gz exposure is very similar among 
fighter pilots due to their similar training syllabus. There have 
been changes and variation in flight training syllabuses over the 
years, but annual cohorts are flown with very similar level of 
cumulative loading. There may be different national curricu-
lums in fighter pilot training and operative careers in other 
nations, and thus the results of this study may not be adaptable 
as a whole to other nations’ systems.

The present study is register-based and available indepen-
dent factors were used in the analyses. The fighter pilots’ annual 
maximal bicycle ergometry test was chosen to describe their 

fitness level. This was considered to reflect the overall fitness of 
pilots, although it measures the aerobic capacity more than 
muscular fitness. The subjects’ annual military fitness test bat-
tery includes a basic muscular endurance test (i.e., push-ups, 
sit-ups, standing long jump), but unfortunately, this data was 
not available for the present study due to a different registering 
system. General strength test outcomes have been reported to 
be associated with outcomes of fighter pilots’ musculoskeletal 
pathologies.9,18 The aerobic fitness test result does not seem to 
have an effect on neck or back disorders. Suggested pilot- 
specific tests and conditioning programs are warranted to 
enhance pilot performance to the required level and to evaluate 
their working condition.21 These pilot-specific test values 
should be used as independent variables in future follow-up 
studies that are suggested below.

The +Gz forces are regarded as a causative or aggravating 
factor, of which effects can be reduced by limiting the pilot’s 
exposure to high +Gz forces. Maximum +Gz limitation with-
out airframe restrictions is commonly used in FINAF with 
spinal disorders and it is adjusted individually to achieve a 
flight envelope where the pilot remains asymptomatic. Fig. 3 
highlights the waiver with any max Gz limitation as a useful 
tool to manage +Gz strain for symptomatic pilots. It has made 
it possible to continue to fly HPAs even 10 yr after earlier 
existing symptoms when +Gz loading has been adjusted to the 
level that pilots remain asymptomatic. Their health is not 
compromised as their symptoms have diminished, but their 
experience and airmanship are in use in the squadrons. That 
these trained pilots have been able to continue in some active 
flying duties means the effort to flight train them is used more 
optimally.

The presented FI method is based on a formula for metallur-
gic considerations not physiological ones. Based on the litera-
ture, amplified axial loading on the human spine is considered 
to have more linear effect on spinal structures than presented in 
the FI formula.5,19 Still, some weighting factors have been sug-
gested with some other studies.3,17 The rationale to use a compli-
cated metallurgic formula in this study was that it is a value that 
has been followed up since the first subjects started their jet 
flight training and it has been adopted to use for pilots’ follow-up 
as well. The suggested maximum for follow-up on pilots’ annual 
exposure is 13 FI/1000 flight hours. This figure comes from spe-
cific values for structural fatigue follow-up of a fighter aircraft 
(unpublished observation: Air Force Command Finland, order 
CK9720; July 7, 2014), not from human spine loading physiol-
ogy. Nevertheless, this 13 FI/1000 h is not a constant maximum 
that a pilot must not exceed. This system was introduced to 
increase pilots’ and squadron leaders’ awareness about who may 
be at risk due to intensive loading, and to be a tool for smart 
scheduling in order to manage occupational loading.

The FI method more carefully takes into consideration the 
sortie by sortie +Gz loading spectrum than previous methods. 
Therefore, it is considered to be a more precise tool to deter-
mine fighter pilots’ +Gz loading than just flight hours or flown 
aircraft type as in previous studies.7,14 However, based on the 
results of this study, it is not precise enough. The limitation of 
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FI is that it indicates just thresholds of certain +Gz levels. It does 
not count the time of exposure.

The present study could not find any particular breaking 
points in the survival analysis nor was any particular indepen-
dent factor causing fighter pilots’ spinal disorders discovered. It 
must be concluded that the issue is a multifactorial, long-term 
phenomena. Thus, multifactorial, long-term countermeasures 
and follow-up are needed to prevent negative health effects and 
compromised operative performance.
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