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Background: Ischemia before the development of dysbaric osteonecrosis (DON) in femoral heads has 
never been investigated. We assessed whether quantitative magnetic resonance spectroscopy (MRS) and 
diffusion weighted imaging (DWI) could detect dysbaric changes in divers with hip pain.
Methods: This IRB-approved exploratory study recruited 17 divers [9 with hip pain (Group 1); 8 
asymptomatic (Group 2)] with normal findings on radiographs and conventional magnetic resonance 
imaging scans were age-, gender- and body-mass-index matched to 17 non-divers as controls (Group 1C, 
2C). Apparent diffusion coefficients (ADCs) and MRS spectra were obtained from regions/voxels of interest 
on the femoral heads of all subjects. LCModel was used to determine water content, lipid composition, and 
the unsaturation index in bone marrow. Mann-Whitney non-parametric test was used to compare results of 
quantitative MRS and ADCs of ipsilateral femoral heads between divers and controls. 
Results: MRS of the ipsilateral femoral heads revealed higher water (peak: 4.7 ppm) content, lower total 
lipid fraction (TLF), and higher unsaturation index (UI) of lipids in Group 1 than in Group 2 (water: 
P=0.040; UI: P=0.022) and Group 1C (water: P=0.027; TLF: P=0.039; UI: P=0.009). In contrast, femoral 
head ADCs were comparable between divers and controls. Five out of nine symptomatic divers were 
contacted for follow-up MRS and DWI studies, and the mean difference in water content in the femoral 
heads of patients with osteonecrosis was also higher than that in patients with symptom relief (osteonecrosis: 
0.077±0.130 vs. symptom relief: 0.003±0.010).
Conclusions: Dysbaric change in the femoral heads of divers with hip pain can be detected using 
quantitative MRS, which reveals increases in water content and UI of lipids, and a decrease in TLF.
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Introduction

Dysbaric osteonecrosis (DON) is an occupational 
hazard among divers and compressed air workers, and 
characteristically occurs in long bones containing fatty 
marrow such as the humerus, femur, and tibia (1). It 
mostly results from rapid decompression after prolonged 
hyperbaric exposure, which causes intravascular nitrogen 
gas bubbles to form and aggregate and give rise to nitrogen 
emboli and local ischaemia in the bone marrow. In addition, 
the nitrogen gas bubbles formed in bone marrow or fat 
cells may cause compartment syndrome or fat cell rupture 
followed by fat embolism (2-4). According to previous 
studies, DON occurs commonly in the head of the femur 
and humerus. It is mostly asymptomatic at the initial 
ischaemic stage, but juxta-articular lesions in the hips and 
shoulders are most likely to become symptomatic even 
when they have a normal appearance on plain radiographs 
or conventional sequences of magnetic resonance imaging 
(MRI) (1,5).

Previous studies have used magnetic resonance 
spectroscopy (MRS) and diffusion-weighted imaging (DWI) 
to assess the initial ischaemic stage of osteonecrosis in 
femoral heads (6-8). Hou et al. reported that proton MRS 
could depict alterations in the lipid-water compositions 
of normal-appearing femoral heads with and without 
nontraumatic and non-steroid induced osteonecrosis 
in the contralateral hip (8). In addition, Menezes et al. 
observed that the diffusion process became sensitive to 
early ischaemia in piglets’ legs when the supplying arteries 
were ligated (7). The apparent diffusion coefficient (ADC) 
decreases in a few hours owing to the decrease in blood 
perfusion. Epiphyseal osteonecrosis results in an increase 
in the ADC when collateral circulation is formed. Hip 
pain after diving, which may be associated with dysbaric 
ischemia, has never before been evaluated using MRS and 
DWI.

In this case-control study, we used non-contrast MRI to 
detect dysbaric change before the development of DON in 
the femoral heads of divers. As hip pain was proved to be 
associated with elevating intraosseous pressure in patients 
with femoral head osteonecrosis (9), we supposed that hip 
pain in divers was related to dysbaric change in the femoral 
head, even though the femoral head’s appearance is normal 
on plain radiographs and conventional sequences of MRI. 
This study aimed to investigate whether quantitative MRS 
and DWI can be used to detect dysbaric change before 
osteonecrosis development, and thus prevent DON at an 

early stage before detection by conventional imaging.

Methods

Subjects

The study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). This study was approved 
by the Institutional Review Board of our hospital. All 
participants provided written informed consent to undergo 
plain radiographs and non-contrast MR studies, including 
MRS and DWI, of bilateral hips during the period of 01 
January 2014 to 31 December 2014. All imaging studies were 
performed once for each subject and were interpreted by 
two experienced musculoskeletal radiologists who confirmed 
that all enrolled subjects presented negative findings on 
plain radiographs and conventional MR studies. Before 
imaging studies, clinical assessment was performed by a 
single orthopaedic surgeon who recorded hip pain in divers. 
All enrolled divers denied previous history of long-term 
steroid use, alcohol use disorders (defined in the Diagnostic 
and Statistical Manual of Mental Disorders-V) (10),  
hip trauma, surgery, chronic hip pain, or lower back pain.

As the bone composition is associated with sex, age, 
and body-mass index (BMI) (11,12), water content and 
lipid compositions in bone marrow might change with 
these parameters. Thus, the anthropometric data (sex, age, 
and BMI defined as body weight in kilograms divided by 
squared height in meters) of divers were collected to recruit 
gender-, age- and BMI-matched non-divers as controls. 
The results of quantitative MRS and DWI in the controls 
served as baseline data for the divers prior to diving.

We divided enrolled divers into two groups based on 
presence of hip pain, which was the most common initial 
symptom in patients with osteonecrosis according to a 
previous multicentre analysis (13). In total, we enrolled 
17 occupational divers, among whom three had bilateral 
hip pain, six had unilateral hip pain, and eight were 
asymptomatic. We also selected as controls 17 non-
divers who were gender-, age-, and BMI-matched to each 
diver. To confirm that dysbaric changes were reversible 
in symptomatic femoral heads with normal findings on 
plain radiographs and conventional MRI, we followed-up 
these symptomatic divers for 5 years to determine whether 
osteonecrosis occurred when hip pain persisted, and vice 
versa. Five out of nine symptomatic divers were contacted 
after 5 years to arrange for follow-up MRS and DWI 
studies with the same protocol.
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MRI and DWI protocol

All the studies were performed using the 3.0 Tesla (T) whole-
body imaging system (Discovery MR750, GE Healthcare, 
Waukesha, WI). To assess the condition of the femoral head, the 
imaging protocol included a coronal T1-weighted fast spin-echo 
sequence [repetition time (TR)/echo time (TE) =819/min full 
(ms), field of view (FOV) =40 cm] with a 4-mm section thickness 
and 0.5-mm section gap. Further, T2-weighted images (TR/TE 
=2,354/125 ms, FOV =40 cm ×40 cm) and T2-weighted images 
with fat saturation (T2FS; TR/TE =3,063/68 ms, FOV =40 
cm ×40 cm) were acquired in the coronal orientation with 
the same section thickness and gap. These conventional 
MR images were used to select the patients and individuals 
without any disease or femoral head abnormality, such 
as osteonecrosis, with or without deformity, infection, or 
neoplasm. DWI and proton MRS were then performed 
in the femoral heads with normal signal intensity and 
contours.

The ADC was measured using FOV optimised and 
constrained undistorted single-shot (FOCUS) DWI. 
FOCUS-DWI was used in this study because of its 
superiority to conventional DWI in a number of respects 
such as lesion conspicuity, image artefacts, image blurring, 
distortion, and overall image quality (14). FOCUS-
DWI was used to measure diffusion in six directions with  
4,000/minimum, b =0 and 400 s/mm2 [number of excitations 
(NEX) =20], 6-mm section thickness, and 16-cm FOV in 
an oblique coronal view. ADC maps were automatically 
generated by the scanner software. Mean ADC was 
measured with region of interest (ROI) technique on GE 
workstations off-line, using one circular ROI placed at the 
center of the femoral head in the midcoronal plane. The 

mean ADC values were obtained by averaging the values 
from four repeat ROIs of one single image (Figure 1). The 
size of the circular ROIs was chosen to be approximately 
8 mm in diameter, and the mean ROI area and standard 
deviation were 50.2±10.1 mm2. All mean ADCs in femoral 
heads (proximal epiphysis) of divers and controls were 
measured by an attending radiologist with four years of 
experience in musculoskeletal diffusion-weighted MRI, who 
was blinded to the clinical data.

MRS protocol and quantification

MRS acquisition was performed in femoral heads using 
point-resolved spectroscopy (PRESS) for voxel localization. 
An automatic global shimming procedure was performed 
before each acquisition. MRS acquisition parameters were 
TR of 1,500 ms, TE of 35 ms to minimize T2 weighting, a 
cubic sample volume with dimensions 12.5×12.5×12.5 mm3, 
acquisition of 64 signals for each of the 4,096 data points 
without water suppression, and a spectral bandwidth of  
5,000 Hz. Each voxel was positioned by the same 
investigator in the femoral heads (proximal epiphysis) of all 
divers and non-diver controls (Figure 2A,2B). The size of the 
voxel of interest (VOI) was set at 10×10×10 mm3.

Acquired proton MRS spectra showed a dominant peak 
at 1.30 ppm and a series of lipid peaks at 3.0 T (Figure 2B). 
Each signal peak represented an individual functional group 
of lipids at a particular magnetic field value (Table 1) (15). 
In this study, functional groups of lipids were respectively 
detected at 0.90, 1.30, 1.59, 2.03, 2.25, 2.77, 4.10–4.35, 
5.2, and 5.3 ppm, at 3.0 T. The water peak was at 4.7 ppm 
at 3.0 T. Raw data of spectra acquired from each diver and 
control were exported and analysed on an offline computer 

Figure 1 FOCUS-DWI and ADC maps of the femoral head in the midcoronal plane. (A) ADC is measured by positioning the ROI box in 
the femoral head (b =0 and 400 s/mm2) on DWI. (B) ADC maps are generated at the workstation after placing the box in the femoral head. 
ADC, apparent diffusion coefficient; DWI, diffusion-weighted imaging.
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Figure 2 Point-resolved spectroscopy (PRESS) acquisition at 3.0 T from the femoral head. (A) The VOI box is placed in the femoral head 
of subjects for quantitative MRS analyses. (B) The LCModel software analyzes specific chemical shifts (arrows, also listed in Table 1) in the 
spectrum. MRS, magnetic resonance spectroscopy. 

Table 1 1H NMR spectral peak assignments analyzed in this study (3.0 T magnetic field)

Functional group
Chemical shift ranges† 

(ppm)
Assignment

Chemical shift for analysis in LCModel 
(ppm)

Abbreviation

Olefinic protons 5.29–5.43 –CH=CH– 5.3 L53

α-glycerol (methylene protons) 5.23–5.29 CHOCOR 5.2 L52

Water 4.70 H2O 4.7 W

β-glycerol (methylene protons) 4.10–4.35 –CH2OCOR 4.10–4.35 L41, L43

Divinyl methylene protons 2.73–2.87 =CH–CH2–CH= 2.77 L28

α-methylene protons 2.25–2.36 –OCO–CH2– 2.25 L23

Allyl methylene protons 1.93–2.13 –CH2–CH=CH– 2.03 L21

β-methylene protons (carboxyl) 1.55–1.69 –OCO–CH2–CH2– 1.59 L16

Methylene protons (saturated) 1.20–1.43 –(CH2)n– 1.30 L13

Terminal methyl protons 0.82–0.99 –CH3 0.90 L09
†, the shown chemical shift ranges are previously published data (18-20) and these values are used as integration limits for measurement 
of peak areas.

using the LCModel software (Version 6.3-1L; Copyrighted 
@1992–2015 by Stephen Provencher), which had previously 
been applied for analysing the water and lipid composition 
of bone marrow (16,17). Absolute concentrations of water 
and individual functional groups of lipids were obtained as 
described in the Table 1. In this analysis, one set of MRS 
data (water content) from a patient in group 1 and another 
set of MRS data (water content) from a patient in group 2 

were discarded because the %SD was higher than 10%.
Total lipid fraction (TLF) in bone marrow was calculated 

using the equation:

 ( )% 100%lipid lipid wTLF I I I = Σ Σ + ×   [1] 

where ΣIlipid was the sum of absolute concentrations of 
all functional groups of the lipids and Iw was the absolute 
concentration of water.

A B
L13

L09L16

L23

L21

L28

W

L52

L53

L41_43

0
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Marrow lipid unsaturation index (UI) was estimated 
using the equation:

 ( )Double Methyl Methylene OlefinicUI I I I I= + +  [2]

where I Double was the absolute concentration of 
functional groups with double bonds (L21, L28, L53), and 
IMethyl, IMethylene, and IOlefinic were absolute concentrations of the 
methyl group (L09), methylene groups (L13, L16, L21, 
L23, L28, L41, L43 and L52), and olefinic group (L53), 
respectively.

Statistical analysis

In this study, we assigned symptomatic divers to Group 
1 (n=9), asymptomatic divers to Group 2 (n=8), and their 
respective controls to Group 1C (n=9) and Group 2C (n=8). 
Student independent t-tests were used for comparing the 
mean ages and BMIs between the diver and control groups 
(i.e., Group 1 vs. Group 1C, Group 2 vs. Group 2C) and 
comparing the diving period and maximal diving depths 
between Groups 1 and 2. We used the Mann-Whitney 
non-parametric test to compare ADCs, water content, 
lipid compositions (i.e., TLF and absolute concentrations 
of functional groups of lipids), and UI in the bone 
marrows of ipsilateral femoral heads between the diver and 
control groups. All statistics were performed using SPSS 
software (IBM, version 22.0). Differences were considered 

statistically significant when the two-tailed P value was 
below 0.05.

Results

Nine divers with unilateral or bilateral hip pain were 
included in Group 1 and eight asymptomatic divers 
were included in Group 2. The recruited divers reported 
their average diving experience as 17.1±8.5 years  
(126.7±76.8 days/year) and average diving depth as 
43.8±10.5 metres. Decompression devices were used 
routinely by most occupational divers (16/17). The 
anthropometric data of the divers and controls and diving 
experience of Group 1 and Group 2 are listed in Tables 2,3. 
The ages and BMIs of both diver groups were comparable 
to their matched controls. There was no significant 
difference in diving period and maximal diving depth 
between Groups 1 and 2.

Mean ADCs, water content, lipid compositions, and 
UI of lipids in the femoral heads of divers and controls 
were presented in Table 4. The LCModel of the ipsilateral 
femoral head revealed higher water content in Group 1 than 
in Group 1C [Group 1: 8.49±4.05 (×10−2 mM) vs. Group 
1C: 5.23±2.61 (×10−2 mM), P=0.027], whereas no significant 
difference in water content was noted between Group 2 and 
Group 2C [Group 2: 5.81±2.51 (×10−2 mM) vs. Group 2C: 
6.85±5.24 (×10−2 mM), P=0.983] (Table 4). Besides, water 

Table 2 Overview of anthropometric data in all subjects (n=34)

Anthropometric data Group 1 (n=9) Group 1C (n=9) P value Group 2 (n=8) Group 2C (n=8) P value

Age (years) 44.3±7.6 44.1±8.4 0.889 46.0±10.5 49.4±9.9 0.785

BMI (kg/m2) 25.1±4.8 23.8±3.2 0.524 25.2±3.2 25.3±3.3 0.943

Gender (female/male) 2/6 2/6 1/7 1/7

Group 1 (n=9): symptomatic diver group. Group 2 (n=8): asymptomatic diver group. Group 1C (n=9): matched control for group 1. Group 
2C (n=8): matched control for group 2. All values are expressed as mean ± standard deviation (SD). P values of the student independent 
t-tests are demonstrated.

Table 3 Overview of diving exposure in all subjects (n=34)

Diving exposure data Group 1 Group 2 P value

Period (years) 16.6±8.2 17.4±9.1 0.441

Period (days/year) 98.3±56.5 163.3±88.0 0.121

Max. depth (m) 42.7±9.8 44.7±11.4 0.435

Group 1 (n=9): symptomatic diver group. Group 2 (n=8): asymptomatic diver group. Group 1C (n=9): matched control for group 1. Group 
2C (n=8): matched control for group 2. All values are expressed as mean ± standard deviation (SD). P values of the student independent 
t-tests are demonstrated.
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Table 4 Mean ADCs, water content, lipid compositions and UI of lipids in femoral heads of divers and controls

Parameters
Divers (n=17) Non-diver controls (n=17)

P value
Group Mean SD Groups Mean SD

Mean ADC

ADC (×10−4) Group 1 4.77 1.35 Group 1C 4.42 0.89 0.389

Group 2 4.60 0.75 Group 2C 4.40 0.89 0.633

Water content in bone marrow (derived from LCModel)

W (×10−2 mM) Group 1 8.49 4.05 Group 1C 5.23 2.61 0.027 *

Group 2 5.81 2.51 Group 2C 6.85 5.24 0.983

Lipid compositions, TFC and UI (derived from LCModel)

L09 (×10−2 mM) Group 1 5.42 3.83 Group 1C 4.51 2.98 0.499

Group 2 6.38 3.97 Group 2C 7.93 3.42 0.281

L13 (×10−2 mM) Group 1 6.28 2.99 Group 1C 6.67 2.26 0.829

Group 2 7.11 2.02 Group 2C 7.28 0.92 0.263

L16 (×10−2 mM) Group 1 1.49 0.06 Group 1C 2.13 2.12 1.000

Group 2 2.04 0.07 Group 2C 3.63 2.93 0.094

L21 (×10−2 mM) Group 1 5.87 2.75 Group 1C 4.03 1.84 0.109

Group 2 4.44 2.60 Group 2C 5.17 1.51 0.232

L23 (×10−2 mM) Group 1 3.65 1.26 Group 1C 3.53 0.88 0.460

Group 2 3.44 0.83 Group 2C 3.10 0.55 0.178

L28 (×10−2 mM) Group 1 1.83 0.45 Group 1C 1.54 0.60 0.117

Group 2 1.61 0.55 Group 2C 1.61 0.22 0.951

L41 (×10−2 mM) Group 1 0.95 0.29 Group 1C 1.03 0.43 0.623

Group 2 0.93 0.39 Group 2C 1.16 0.42 0.152

L43 (×10−2 mM) Group 1 1.00 0.28 Group 1C 1.01 0.42 0.580

Group 2 0.92 0.39 Group 2C 1.18 0.44 0.159

L52 (×10−2 mM) Group 1 1.30 1.24 Group 1C 1.49 1.09 0.460

Group 2 0.71 0.69 Group 2C 1.04 1.03 0.494

L53 (×10−2 mM) Group 1 2.89 1.16 Group 1C 2.79 1.28 0.976

Group 2 3.20 1.46 Group 2C 3.42 1.24 0.407

TLF (%) Group 1 86.8 17.4 Group 1C 94.9 2.3 0.039*

Group 2 94.3 1.8 Group 2C 93.3 4.9 0.724

UI (×10−1) Group 1 1.23 0.42 Group 1C 0.85 0.27 0.009*

Group 2 0.92 0.33 Group 2C 1.05 0.14 0.783

One set of MRS data in Group 2 is lost in this study. *, statistical significance of Mann-Whitney non-parametric test. TLF, total  
lipid fraction. mM: mmol/kg. UI, unsaturation index.
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content in the femoral heads of Group 1 was also higher 
than in Group 2 [Group 1: 8.49±4.05 (×10−2 mM) vs. Group 
2: 5.81±2.51 (×10−2), P=0.040) (Figure 3A). Comparison 
of water content between the two bilateral femoral heads 
of divers with unilateral hip pain revealed the presence of 
more intramedullary water on the painful side than on the 
nonpainful side; however, no statistical significance was 
noted [painful side: 7.49±3.85 (×10−2 mM) vs. nonpainful 
side: 5.37±2.84 (×10−2 mM), P=0.325]. In addition, water 
concentration was comparable between pain-free femoral 
heads of unilaterally symptomatic divers and ipsilateral 
femoral heads of controls [unilaterally symptomatic divers: 
5.37±2.88 (×10−2) vs. controls: 4.39±2.52 (×10−2 mM), 
P=0.529].

Even though there was no significant difference in the 
concentrations of functional groups of lipids, the total lipid 
fraction (TLF) in femoral heads was significantly lower 
in Group 1 than Group 1C (Group 1: 86.8%±17.4% vs. 
Group 1C: 94.9%±2.3%, P=0.039), but comparable in 
Group 2 and Group 2C (Group 2: 94.3%±1.8% vs. Group 
2C: 93.3%±4.9%, P=0.724) (Figure 3B). Moreover, the UI 
of lipids in femoral heads was significantly higher in Group 
1 than Group 1C [Group 1: 1.23±0.42 (×10−1) vs. Group 
1C: 0.85±0.27 (×10−1), P=0.009] and Group 2 [Group 1: 
1.23±0.42 (×10−1) vs. Group 2: 0.92±0.33 (×10−1), P=0.022], 
but comparable between Group 2 and Group 2C [Group 2: 
0.92±0.33 (×10−1) vs. Group 2C: 1.05±0.14 (×10−1), P=0.783] 
(Figure 3C). The DWI analysis revealed no significant 
difference in the mean ADCs—measured at femoral 
heads—between the divers and controls (Table 4). 

Five out of nine symptomatic divers were contacted after 
5 years. Osteonecrosis was identified in the bilateral femoral 

heads of two divers with persistent hip pain, and the average 
water content in the femoral heads was nearly twice the 
initial value (initial: 7.25×10−2 mM, follow-up: 15.0×10−2 mM,  
mean difference: 0.077±0.13). In contrast, no signal change 
in osteonecrosis was observed on the conventional MRI of 
the other three divers whose unilateral hip pain was relieved 
(initial: 6.64×10−2 mM, follow-up: 6.83×10−2 mM, mean 
difference: 0.003±0.01).

Discussion

The present study revealed that dysbaric change in divers 
might be detected using quantitative MRS, which revealed 
increases in water content and UI of lipids, and a decrease 
in TLF in the femoral heads of divers with hip pain. The 
higher femoral head water content in symptomatic divers 
than in matched controls and asymptomatic divers (Table 4)  
suggests an association between hip pain in divers and 
increasing femoral head water content, concomitant 
with decrease in TLF. This result is consistent with the 
mechanism of early dysbaric ischaemia. According to this 
mechanism, blood passes from the arteries to the dilated 
and capacious venous sinusoids in bones, causing flow 
rates to drop and blood viscosity to increase and venous 
stasis, thrombosis, and finally, ischaemia to develop (4). 
The femoral head is mainly composed of cancellous bones, 
characterised by variable sized pores, comprising different 
relative percentages of water and fat. In cancellous bones, 
water molecules exist in three different forms: free water 
in pores, bound water in the collagen network (including 
at the collagen-mineral interface), and tightly bound water 
in the mineral phase (21). Free water is more prevalent in 

Figure 3 MRS of the ipsilateral femoral heads revealed (A) higher water content, (B) lower total lipid fraction and (C) higher unsaturation 
index of lipids in Group 1 than in Group 2 and Group 1C (i.e., the control group of Group 1).
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the boundary zones, whereas fat occupies primarily the 
central zone of each pore (22). No interaction between 
free water molecules and fat tissue exists owing to their 
separate locations in normal femoral heads, whereas 
water redistributes toward the central zone of pores and 
exhibits interactions with functional groups of fat tissue in 
the painful femoral heads of divers. Such changes may be 
related to intraosseous hypertension, which has a strong 
association with resting hip pain in venous ischaemia (23). 
Therefore, we supposed the hip pain in divers may indicate 
venous ischemia and intraosseous hypertension despite 
normal imaging studies.

Changes  in  UI ref lect  a  dynamic  re lat ionship 
between the composition of fatty acids in the bone 
microenvironment and the metabolic requirements of  
cells (24). In this study, although statistical significance was 
not achieved, we noticed higher levels of unsaturated acids, 
with peaks at 2.03 ppm (allyl methylene protons, L21), 2.77 
ppm (divinyl methylene protons, L28) and 5.3 ppm (olefinic 
protons, L53) on MRS, in symptomatic divers compared 
with controls (Table 4). Previous literature did not report 
the occurrence of increasing UI in the femoral heads of 
symptomatic divers, but did report its exclusive occurrence 
in osteoporotic femurs with fractures, where significantly 
decreased stearic acid content was concomitant with 
increased oleic acid content. In this circumstance, the decline 
in the level of saturated fatty acids resulted from increased 
supply of energetic substrate to marrow cells and osteoblasts 
for damage repair, whereas more unsaturated acids were 
produced to suppress type 2 cyclooxygenase expression in 
bone marrow and thereby excessive inflammation (25). As to 
early dysbaric ischemia, the increasing amount of unsaturated 
fatty acids might be related to their downregulation of 
excessive inflammation in bone marrow.

Dysbaric change is reversible in the femoral heads of 
symptomatic divers whose conventional imaging findings are 
normal. However, if the hip pain of workers persists owing 
to working in a hyperbaric environment, early dysbaric 
change can progress to frank osteonecrosis and increased 
water content in femoral heads. In this study, five out of nine 
symptomatic divers were contacted for follow-up MRS and 
DWI studies. Two divers with persistent hip pain continued 
to dive over these 5 years. Osteonecrosis was identified in 
the bilateral femoral heads, which also demonstrated an 
increase in their average water content. In contrast, no 
significant change in water content was noted in the other 
three divers, who had stopped diving, and their unilateral hip 
pain was relieved. Comparing these two groups of followers, 

the mean difference in water content in patients with 
osteonecrotic femoral heads was greater than that in patients 
with relieved symptoms and normal findings on MRI. Our 
result is consistent with a previous animal experiment, which 
proved that fluid shifts and any consequent changes in 
physiological parameters were transient and reversible at an 
early stage of gas-induced osmotic change within bones (26).  
In short, dysbaric changes in the femoral heads of 
symptomatic divers whose conventional imaging findings 
are normal are reversible, and an increased water content on 
MRS may indicate a risk for developing DON.

This study had some limitations. First, this is an 
exploratory study comparing two groups of divers. The 
significant findings in this article need to be validated 
by a more rigorous or cohort study. Second, a relatively 
small number of symptomatic divers with normal imaging 
findings of the hips were assessed. Usually, imaging findings 
are abnormal among divers with hip pain. Only a small 
fraction of symptomatic divers has normal findings on 
both plain radiography and conventional MRI. Third, our 
study was conducted in humans, rather than in animals, 
and therefore, bone ischaemia could not be manipulated. 
Moreover, because surgery was not prioritized for relieving 
hip pain in patients with normal imaging findings, we were 
unable to obtain a pathological diagnosis of bone ischaemia. 
As an alternative method, we assumed that hip pain was 
associated with reversible dysbaric change in the femoral 
heads of divers with normal imaging findings. Fourth, 
osteoporosis was visually excluded by two experienced 
musculoskeletal radiologists. Certain errors due to large 
differences in bone constitution between divers and 
controls could not be minimized because dual energy 
X-ray absorptiometry was not performed to measure bone 
mineral density. Fifth, this was a cross-sectional study. The 
baseline ADC and quantitative MRS of subjects before 
diving were not obtained, and dysbaric change was defined 
by comparing divers and matched non-diver controls. In 
addition, only five out of nine symptomatic divers were 
contacted after 5 years, and the remaining patients were 
either lost to follow-up (in Groups 1 and 2) or unwilling to 
receive MRI scans owing to a lack of hip pain (in Groups 2). 
The absence of hip pain does not mean there is no dysbaric 
ischemia. Thus, a longitudinal cohort study is required to 
increase the accuracy of dysbaric change analysis in divers.

Conclusions

In conclusion, hip pain may be associated with reversible 
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dysbaric changes in the femoral heads of divers with normal 
imaging findings. Quantitative MRS may be a feasible 
method for detecting dysbaric changes in the femoral head 
and potentially helping inform the risk for developing 
osteonecrosis.
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