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Background: To use conventional magnetic resonance imaging (MRI) and diffusion-weighted imaging 
(DWI) to investigate the effects of long-term hypoxia on cranial bone marrow conversion in healthy people 
at high altitudes.
Methods: A total of 1,130 individuals were selected from altitudinal areas of 2,000–3,000, 3,100–4,000, and 
>4,100 m. Each altitude range was divided into 5 age groups: 0–5, 6–14, 15–29, 30–49, and ≥50 years. Firstly, 
cranial bone marrow typing of the participants in each altitude range was performed on sagittal T1-weighted 
images (T1WI) according to the average diploe thickness and signal intensity of the normal skull, and 
the relationship between bone marrow conversion and age was analyzed. Secondly, the apparent diffusion 
coefficient (ADC) values of the frontal bone, parietal bone, occipital bone, and temporal bone were measured 
in the DWI post-processing workstation and statistical methods were used to analyze whether different 
altitudinal gradients and long-term hypoxic environment had any effect on cranial bone marrow conversion.
Results: There was a positive correlation between bone marrow type and age in the healthy populations 
at all 3 levels of altitude (P<0.05). The average thickness of the cranial diploe also positively correlated with 
age (P<0.05); in the age ranges of 30–49 and ≥50 years, the ADC values of the occipital and temporal bone 
marrow positively correlated with increasing altitude (P<0.05). 
Conclusions: The cranial bone marrow of normal people at high altitudes changes from Type I to Type IV 
with increasing age and under the influence of long-term chronic hypoxia. The bone marrow of the occipital 
and temporal bones of healthy people aged 30–49 and ≥50 years showed erythromedularization during the 
process of Type III and IV bone marrow conversion.
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Introduction

In the human hematopoietic system, red bone marrow is 
the primary tissue and gradually transforms into yellow 
bone marrow with age (1). The hematopoietic system is 
dynamic and adaptively adjusts when the body experiences 
hematological malignancies, bone metastasis of malignant 
tumors, severe anemia, long-term hypoxia, and bone 
marrow injury (2-4). When living at high altitude, humans 
are challenged with a unique environment in which hypoxia 
is a severe problem. Due to low atmospheric pressure and 
oxygen partial pressure, long-term hypoxia will stimulate 
the kidneys, increasing the secretion of erythropoietin 
(EPO), which then stimulates the production of erythroid 
cells, resulting in an increase of bone marrow erythrocytes 
that is reflected by increased hematocrit and decreased 
oxyhemoglobin saturation (5). Negative feedback regulation 
prevents overproduction of EPO (5). The EPO is affected 
by hypoxia, anemia, hormone levels, smoking, and other 
factors, among which hypoxia is the most influential factor. 
Regulation of the human hematopoietic system in high-
altitude areas is an essential adaptation for survival (6-8). 

The ability of conventional magnetic resonance imaging 
(MRI) to detect patterns of bone marrow changes in the 
early stages of cranial bone marrow disease is limited 
when the only change is the composition of intracellular 
free water within the bone marrow and the content of the 
various cells within the bone marrow remains unchanged. 
Combining MRI and diffusion-weighted imaging (DWI) 
makes it possible to conduct a comprehensive investigation 
and determination of normal MRI features at different 
altitudes and anatomic sites.

There are a few reports on MRI studies examining 
the appearance of normal cranial bone marrow (9-14); 
to our knowledge, from the perspective of imaging, the 
relationship between cranial bone marrow typing and 
age of normal residents at high altitudes has not been 
reported. In this study we used a non-invasive MRI 
method to explore the normal development of cranial 
bone marrow at high altitude and the effect of long-
term hypoxia on the conversion of red and yellow bone 
marrow in normal people. The aim of the study was to 
clarify the development of normal cranial bone marrow 
and provide insight regarding the invasion of malignant 
tumors, malignant hematologic disease, lymphoma, 
multiple myeloma, and other diseases, thus assisting the 
early treatment of the disease. At the same time, we also 
wanted to provide reference values for the occurrence 

and development of bone marrow disease in the high-
altitude hypoxic environment. We present the following 
article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-740/rc). 

Methods

Participants

Patients who underwent a craniocerebral MRI examination 
between 2016 and 2019 were selected as participants. The 
inclusion criteria were as follows: (I) normal cranial bone 
development with no abnormal findings on conventional 
head MRI; (II) normal laboratory examinations (including 
blood count and clotting time test); (III) normal neurological 
examination. The exclusion criteria were as follows: (I) 
history of traumatic brain injury or hematologic diseases; 
(II) history of malignant tumor; (III) any organic disease. 
A total 1,130 healthy Han Chinese residents aged from  
8 months to 71 years (560 female, 570 male), with a 
median age of 24 years, were selected from areas with 
elevations of 2,000–3,000, 3,100–4,000, and >4,100 m. Each 
altitude range was divided into 5 age groups: 0–5, 6–14, 
15–29, 30–49, and ≥50 years. The number of participants 
in each age group at the altitude of 2,000–3,000 m  
was 80, 100, 100, 100, and 80 respectively; 60, 80, 80, 80, 
and 60 respectively at the altitude of 3,100–4,000 m; and 50, 
70, 70, 70, and 50 respectively at >4,100 m. The grouping 
principle was based on prior studies with consideration of 
children’s developmental characteristics, because childhood 
is the period with the fastest bone development, the younger 
groups had a smaller age-span, and the older groups has 
larger age-spans because bone development gradually slows 
with age (15-21).

Data acquisition

All imaging was performed on a 3.0T Philips Achieva TX 
scanner (Philips Medical Systems, Eindhoven, Netherlands) 
with an 8-channel head coil. 

MRI protocols
Sagittal T1-weighted image (T1WI) scan parameters were as 
follows: repetition time/echo time (TR/TE) =127.00/1.87 ms,  
slice thickness =6.0 mm (6.0 mm gap), imaging matrix 
=200×230, flip angle =30°, field of view (FOV) =125–260 mm,  
scan time: 128 seconds. The DWI imaging parameters were 

https://qims.amegroups.com/article/view/10.21037/qims-21-740/rc
https://qims.amegroups.com/article/view/10.21037/qims-21-740/rc
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as follows: using spin echo-echo planar imaging (SE-EPI) 
sequence, apparent diffusion coefficient (ADC) maps were 
generated using DWIs with b values of 0 and 1,000 s/mm2, 
TR/TE =2,380/90 ms, slice thickness =6 mm (6 mm gap), 
imaging matrix =152×121, FOV =125–260 mm, number of 
signals averaged (NSA) =3 times, scan time: 28 s.

Image analysis 

The Extended Magnetic Resonance Workspace (Philips) 
was used for image processing, and image analysis was 
performed by 2 experienced radiologists with >15 years of 
diagnostic experience. They were blinded to the participant’s 
age, gender, and other relevant clinical information, and the 
images were independently interpreted. Any disagreement 
between the 2 readers was resolved by discussion with a 
third reader, who was also an experienced radiologist.

Based on the research results of Okada et al. (9), Ricci 
et al. (10), and Li et al. (22), we used a “4-type 6-subtype 
system” of cranial bone marrow patterns (Figure 1) to 
classify the skull on sagittal T1WI. The classification is 
based on the following criteria: (I) average thickness of 
each cranial diploe (average values of frontal, parietal, 
occipital, and temporal diploes); (II) difference in 

thickness of each cranial diploe (including frontal bone, 
parietal bone, occipital bone, and temporal bone); (III) 
difference in cranial bone marrow signal intensity (with 
reference to genioglossus muscle at the same level); (IV) 
multidimensional analysis combining sagittal T1WI images 
with axial T1WI images for cranial bone MRI pattern 
analysis. 

The types/subtypes were classified as follows: 
	 Type Ia: each cranial diploe is relatively thin, only 

internal occipital protuberance is slightly thicker, 
and the MRI shows uniformly low to medium 
signal intensity.

	 Type Ib: morphology of the cranial bone is similar 
to that of Type Ia, but its low–medium signal 
intensity is accompanied by scattered, speckled 
high signal intensity. 

	 Type II: each cranial diploe is slightly thickened, 
mainly occipital thickening, low signal intensity 
cranial bone marrow has scattered small, patchy 
high signal intensity. 

	 Type IIIa: each cranial diploe is further thickened, 
and the cranial bone marrow shows medium–high 
signal intensity. 

	 Type IIIb: cranial diploe obviously thickened, 

Figure 1 Schematic of the patterns of normal cranial bone marrow (4-type 6-subtype system): Types Ia–IV. [Source of the picture: Li Q, Pan 
SN, Yin YM, Li W, Chen ZA, Liu YH, et al. (22)].
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especially in the occipital bone, manifesting as high 
signal intensity cranial bone marrow with scattered, 
ill-defined, patchy low signal intensity.

	 Type IV: obvious thickening of the cranial bone 
and uniformly high signal intensity in the cranial 
diploe, with some scattered, patchy low signal 
intensity areas.

Quantitative analysis of the ADC values of cranial bone 
marrow was measured with DWI post-processing software. 
Bone marrow that was slightly thinner than the thicker 
parts of the frontal, parietal, occipital, and temporal diploes 
was selected in the regions of interest (ROIs) to avoid a 
partial volume effect. The ROIs were defined as 15–20 mm3 
and in them the left and right parietal, frontal, occipital, and 
temporal bone marrow of each participant were selected to 
measure the ADC values. The average ADC value of the 
same cranial bone marrow was calculated 3 times.

Statistical analysis

The software SPSS 19.0 (IBM Corp., Chicago, IL, USA) 
was used for statistical analysis. Enumeration data were 
analyzed by chi-square test, and measurement data were 
analyzed by variance analysis. The ADC values of each 
participant’s different cranial bone marrows were measured 
to perform analysis of variance (ANOVA).

Ethical statement

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by the Ethics Committee of Qinghai University 
Affiliated Hospital and individual consent for this 
retrospective analysis was waived.

Results

Correlation between MRI typing of cranial bone marrow 
and age in healthy populations at high altitude

Tables 1-3 and Figures 2-4 show the number of cases for 
each type of bone marrow, and the average thickness of the 
cranial diploe in each age range at the 3 altitudes. There was 
a positive correlation between cranial bone marrow typing 
and age in the normal populations at these altitudes, and the 
average thickness of cranial diploe positively correlated with 
age (P<0.05); that is, the cranial bone marrow pattern of the 
normal populations at high altitude changed from Type I to 

Type IV with age.

Correlation between altitude and cranial bone marrow 
ADC values 

There was no significant difference between altitude and 
cranial bone marrow ADC values in the 0–5, 6–14, and 
15–29 years age groups (P>0.05). In the age ranges of 30–49 
and ≥50 years, the ADC values of the occipital and temporal 
bones increased gradually with increasing altitude (P<0.05), 
but there was no significant difference in the parietal and 
frontal bones (P>0.05) (Tables 4-8, Figures 5,6).

Discussion

Our study of normal cranial bone marrow conversion at high 
altitude showed that the effect of a hypoxic environment 
becomes more severe with increasing altitude, and the ADC 
values of the occipital and temporal bone marrow of healthy 
Han Chinese residents aged 30–49 and ≥50 years tended 
to increase; that is, the restriction degree on the diffusion 
of water molecules reduced. Considering the influence of a 
long-term chronic hypoxic environment, the occipital and 
temporal bone marrow of healthy Han Chinese residents 
in these age groups showed erythromedularization during 
Types III and IV bone marrow conversion, which may be 
related to increased bone marrow erythrocytes caused by 
long-term hypoxic stimulation of the kidney to produce 
EPO. Therefore, using DWI technology, ADC values 
can be used to indirectly reflect changes in the water 
and fat content of bone marrow during conversion and 
obtain reference ranges of ADC values of normal cranial 
bone marrow at different ages. In addition, DWI can be 
used in further qualitative and quantitative analysis of the 
proportion of red and yellow bone marrow in different age 
groups, to assist in the diagnosis of cranial bone marrow 
lesions.

Okada et al. first proposed that the MRI characteristics 
of healthy cranial bone marrow were age-related (9), and 
Ricci et al. suggested a 3-type 3-subtype system to classify 
the MRI patterns in normal cranial bone marrow based 
on the conversion patterns (10), setting the foundation for 
studying cranial bone marrow using MRI. Li et al. (22) put 
forward the 4-type 6-subtype system to assess the MRI 
patterns of cranial bone marrow developmental changes at 
different ages, a further development of the study of cranial 
bone marrow using MRI.

There is abundant bone marrow in the medulla of the 
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Table 1 Relationship between normal cranial bone marrow typing and age at 2,000–3,000 m above sea level

Age group 
(years)

Bone marrow type, n (%) Diploe thickness 
(mm)Ia Ib II IIIa IIIb IV

0–5 26 (32.5) 34 (42.5) 20 (25.0) 0 (0.0) 0 (0.0) 0 (0.0) 1.72±0.69

6–14 2 (2.0) 16 (16.0) 39 (39.0) 6 (6.0) 37 (37.0) 0 (0.0) 2.75±0.93

15–29 0 (0.0) 0 (0.0) 7 (7.0) 7 (7.0) 66 (66.0) 20 (20.0) 3.86±0.85

30–49 0 (0.0) 0 (0.0) 5 (5.0) 9 (9.0) 71 (71.0) 15 (15.0) 4.12±1.20

≥50 0 (0.0) 0 (0.0) 0 (0.0) 11 (13.8) 20 (25.0) 49 (61.3) 4.34±1.00

χ2/F (P) 481.638 (0.000) 113.039 (0.000)

r (P) 0.739 (0.000) 0.673 (0.000) 

Table 2 Relationship between normal cranial bone marrow typing and age at 3,100–4,000 m above sea level

Age group 
(years)

Bone marrow type, n (%) Diploe thickness 
(mm)Ia Ib II IIIa IIIb IV

0–5 20 (33.3) 29 (48.3) 11 (18.3) 0 (0.0) 0 (0.0) 0 (0.0) 1.85±0.67

6–14 5 (6.3) 15 (18.8) 40 (50.0) 4 (5.0) 16 (20.0) 0 (0.0) 2.88±0.99

15–29 0 (0.0) 0 (0.0) 9 (11.3) 4 (5.0) 58 (72.5) 9 (11.3) 3.87±1.02

30–49 0 (0.0) 0 (0.0) 6 (7.5) 8 (10.0) 60 (75.0) 6 (7.5) 3.93±0.91

≥50 0 (0.0) 0 (0.0) 0 (0.0) 10 (16.7) 13 (21.7) 37 (61.7) 4.31±0.89

χ2/F (P) 441.959 (0.000) 76.104 (0.000)

r (P) 0.772 (0.000) 0.635 (0.000)

Table 3 Relationship between normal cranial bone marrow typing and age at an altitude >4,100 m

Age group 
(years)

Bone marrow type, n (%) Diploe thickness 
(mm)Ia Ib II IIIa IIIb IV

0–5 21 (42.0) 22 (44.0) 7 (14.0) 0 (0.0) 0 (0.0) 0 (0.0) 1.80±0.59

6–14 5 (7.1) 16 (22.9) 33 (47.1) 4 (5.7) 12 (17.1) 0 (0.0) 2.79±0.85

15–29 0 (0.0) 0 (0.0) 13 (18.6) 9 (12.9) 44 (62.9) 4 (5.7) 3.67±0.87

30–49 0 (0.0) 0 (0.0) 9 (12.9) 8 (11.4) 47 (67.1) 6 (8.6) 3.68±1.00

≥50 0 (0.0) 0 (0.0) 3 (6.0) 6 (12.0) 15 (30.0) 26 (52.0) 4.32±0.90

χ2/F (P) 335.266 (0.000) 67.750 (0.000)

r (P) 0.758 (0.000) 0.646 (0.000)

diaphysis, flat bones, and irregular bones (23). Red bone 
marrow and yellow bone marrow are mixed in the cavitas 
medullaris, where the red bone marrow produces blood 
cells and has a hematopoietic function, thus is more active, 
and the proportion of water molecules is higher, followed 

by the proportions of fat and protein; yellow bone marrow 
is relatively inactive and contains more fat, followed by 
water molecules and protein (24). The conversion of 
normal red and yellow bone marrow is regular, meaning 
that from infancy to adulthood, the process of bone marrow 
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Figure 2 MRI patterns of normal cranial bone marrow (4-type 6-subtype system) represented respectively as Types Ia–IV, at the altitude of 
2,000–3,000 m. MRI, magnetic resonance imaging.

Figure 3 MRI patterns of normal cranial bone marrow (4-type 6-subtype system) represented respectively as Types Ia–IV, at the altitude of 
3,100–4,000 m. MRI, magnetic resonance imaging.
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Figure 4 MRI patterns of normal cranial bone marrow (4-type 6-subtype system) represented respectively as Types Ia–IV, at the altitude of 
>4,100 m. MRI, magnetic resonance imaging.

Table 4 ADC values of cranial bone marrow at different elevations in the age range of 0–5 years

Altitude range (m) n
ADC values (×10–3 mm2/s)

Parietal bone Occipital bone Frontal bone Temporal bone

2,000–3,000 80 1.02±0.21 1.27±0.24 0.96±0.27 1.18±0.22

3,100–4,000 60 0.95±0.25 1.26±0.26 1.05±0.25 1.16±0.22

≥4,100 50 0.97±0.24 1.29±0.27 0.98±0.23 1.18±0.23

F (P) 1.824 (0.164) 0.137 (0.872) 1.932 (0.148) 0.251 (0.779)

r (P) −0.125 (0.086) 0.025 (0.732) 0.021 (0.778) −0.006 (0.933)

ADC, apparent diffusion coefficient.

Table 5 ADC values of cranial bone marrow at different elevations in the age range of 6–14 years

Altitude range (m) n
ADC values (×10–3 mm2/s)

Parietal bone Occipital bone Frontal bone Temporal bone

2,000–3,000 100 0.97±0.28 1.07±0.25 1.01±0.23 1.02±0.26

3,100–4,000 80 0.92±0.25 1.02±0.24 1.02±0.29 1.01±0.24

≥4,100 70 0.89±0.29 1.02±0.27 1.01±0.24 1.04±0.25

F (P) 1.798 (0.168) 1.108 (0.332) 0.031 (0.969) 0.192 (0.826)

r (P) −0.100 (0.115) −0.070 (0.267) −0.010 (0.875) −0.023 (0.722)

ADC, apparent diffusion coefficient.
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conversion of the axial skeleton is gradual and continues 
throughout adulthood, with the proportion of red bone 
marrow gradually decreasing, and the proportion of yellow 
bone marrow gradually increasing (25-27). From an 
imaging perspective, bone marrow shows different signal 
intensities on MRI due to the differing content of water, 
fat, and other components. In infancy, the predominant 
bone marrow is red, and the water content is higher than 
that of fat, thus cranial bone marrow shows a relatively low 
signal on T1WI images. With increasing age, red bone 

marrow gradually converts to yellow bone marrow, and the 
fat content gradually increases (1). The T1WI images show 
a relatively high signal intensity of cranial bone marrow. 
The signal intensity pairs of red and yellow bone marrow 
are relatively more obvious on T1WI images compared 
with T2WI images, so T1WI images are usually chosen for 
cranial bone marrow typing (24).

The composition of bone marrow also varies with 
anatomic location (28,29). The peak of the conversion 
from red bone marrow to yellow bone marrow happens 

Table 8 ADC values of cranial bone marrow at different elevations in the age range of ≥50 years

Altitude range (m) n
ADC values (×10–3 mm2/s)

Parietal bone Occipital bone Frontal bone Temporal bone

2,000–3,000 80 0.97±0.25 0.53±0.21 1.03±0.25 0.52±0.21

3,100–4,000 60 0.97±0.24 0.56±0.20 1.00±0.24 0.57±0.27

≥4,100 50 0.99±0.26 0.64±0.21 0.95±0.27 0.65±0.27

F (P) 0.075 (0.928) 4.636 (0.011) 1.517 (0.222) 4.414 (0.013)

r (P) 0.014 (0.851) 0.188 (0.009) -0.111 (0.127) 0.182 (0.012)

ADC, apparent diffusion coefficient.

Table 6 ADC values of cranial bone marrow at different elevations in the age range of 15–29 years

Altitude range (m) n
ADC values (×10–3 mm2/s)

Parietal bone Occipital bone Frontal bone Temporal bone

2,000–3,000 100 0.62±0.23 0.64±0.25 1.00±0.26 1.00±0.23

3,100–4,000 80 0.66±0.24 0.68±0.22 1.00±0.22 1.05±0.25

≥4,100 70 0.69±0.26 0.67±0.24 1.05±0.24 1.05±0.26

F (P) 1.608 (0.202) 0.527 (0.591) 0.989 (0.373) 1.003 (0.368)

r (P) 0.088 (0.166) 0.045 (0.481) 0.083 (0.192) 0.089 (0.161)

ADC, apparent diffusion coefficient.

Table 7 ADC values of cranial bone marrow at different elevations in the age range of 30–49 years

Altitude range (m) n
ADC values (×10–3 mm2/s)

Parietal bone Occipital bone Frontal bone Temporal bone

2,000–3,000 100 1.00±0.24 0.57±0.24 1.01±0.23 0.57±0.19

3,100–4,000 80 1.02±0.25 0.65±0.23 0.99±0.24 0.61±0.27

≥4,100 70 1.03±0.27 0.69±0.26 0.98±0.24 0.70±0.28

F (P) 0.417 (0.659) 5.038 (0.007) 0.229 (0.796) 5.920 (0.003)

r (P) 0.084 (0.184) 0.175 (0.006) −0.046 (0.466) 0.179 (0.005)

ADC, apparent diffusion coefficient.
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Figure 5 ADC measurement of ROI in parietal and frontal bone marrow of a 30-year-old male. ADC, apparent diffusion coefficient; ROI, 
region of interest.

in the 1st–2nd decades and the 7th decade, but the rate 
of conversion varies in the specific areas of the axial or 
appendicular skeleton. In addition, the conversion rate 
also differs in different regions of a single bone, and it is 
considered that factors affecting conversion include local 
temperature, vascularity, and oxygen partial pressure. Mosavi 
et al. believe that human development is accompanied 
by changes in water and fat content in the bone marrow 
and that MRI can reflect the relationship between bone 
marrow conversion and age (30). Ricci et al. put forward 
the initial classification of cranial bone marrow (10);  
that is, Type I shows relatively low signal intensity in bone 
marrow, with only some scattered speckled high signal 
intensity in the frontal and occipital bone marrows, and is 
mainly seen in children under 10 years old; Type II has a 
relatively uniform high signal intensity in the cranial bone 
marrow, with only the parietal bone showing scattered 
patchy high signal intensity. Type III has a widely consistent 
high signal intensity in the cranial bone marrow. Both Types 

II and III can be seen in every age group. On this basis, Li  
et al. (22) used a “4-type 6-subtype system” to classify 
cranial bone marrow, which has proven to be a valuable tool 
for the study of normal cranial development, bone marrow 
typing, and bone marrow lesions.

Because osteomuscular system diseases and bone 
metastases of malignant tumors mostly occur in the spine, 
femur, and pelvis, there have been more bone marrow 
studies on these bones (31,32), and relatively few MRI 
studies of cranial bone marrow. When skull invasion 
is suspected, conventional MRI combined with DWI 
technology can be used for auxiliary diagnosis. The DWI 
imaging technology is different from traditional MRI 
technology; its imaging basis is to detect whether the 
diffusion direction and degree of water molecules in the 
human body are limited, which enables tissue imaging 
comparison (33). Red bone marrow and yellow bone 
marrow are mixed together in the cavitas medullaris. There 
are more water molecules in red bone marrow and more fat 
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in yellow bone marrow. When the proportion of red bone 
marrow is high, there will be more water molecules and 
their movement is not restricted, so the ADC values are 
relatively high. In contrast, when the proportion of yellow 
bone marrow is high, there will be high fat content, the 
diffusion of water molecules is limited, and the ADC values 
are relatively low. 

Study limitations

First, because the characteristic clival bone marrow is 
relatively small compared with cranial bone marrow, we 
did not perform an MRI study of the clival bone marrow. 
Second, the grouping principle in this study was based on 
the characteristics of children’s development. However, 
there were fewer cases in the 0–15 age range; the age 
interval grouping should be further improved to ensure 
greater accuracy. Due to a limitation of regional factors, we 

did not compare the bone marrow conversion in healthy 
skulls at low altitude. Third, because the thickness of the 
cranial diploe is thinner than that of the spine, pelvis, 
and femur, the average ADC value of the cranial bone 
marrow needs to be measured many times, which will cause 
measurement error during scanning, so the sample size was 
relatively larger in this study to reduce this error.

Conclusions

Under the influence of low pressure, hypoxia, and low 
temperature at high altitudes, the human hematopoietic 
system will produce a stress response to meet the survival 
needs in this environment. The bone marrow of the 
occipital bone and temporal bone of healthy people aged 
30–49 years old and ≥50 years old changes in a process 
of Types III and IV bone marrow conversion; that is, the 
bone marrow tissue of residents in high-altitude areas will 

Figure 6 ADC measurement of ROI in temporal and occipital bone marrow of a 30-year-old male. ADC, apparent diffusion coefficient; 
ROI, region of interest.
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show changes due to long-term residence in a hypoxic 
environment. 
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