
INTRODUCTION 

 

E 
valuation of the hematopoietic BM is 

achieved by various methods such as  

conventional radiography, scintigraphy, 

computed tomography (CT), needle biopsy and 

MRI. These methods differ in sensitivity, specific-

ity and accuracy (Volger 1998), and, each is 

well suitable enough to evaluate specific disor-

ders. However, needle biopsy and MRI are con-

sidered as the best techniques for detailed inves-

tigation of the hematopoietic BM (Casamassima 

et al. 1989). BM contains a large portion of mo-

bile protons in fat and water in hematopoietic 

cells and stromal tissue. It is therefore ideally 

suited to be studied by MRI (Vogler 1998, 

Cavenagh et al. 1995, Steiner et al. 1990, 1993). 

Although needle biopsy is more specific 

than MRI (however with same sensitivity) and 

enables accurate characterization of tissue his-

tology, it is an invasive technique that involves 

notable risk and patient discomfort. Furthermore, 

biopsy technique in a single site does not allow 

the study of large volumes of marrow and may 

not always be representative of entire hemato-

poietic BM. 

MRI on the other hand, enables direct 
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evaluation of large portions of BM, providing 

detailed insight into its distribution and viabil-

ity. It is also useful in the early diagnosis of lym-

phomas, leukemia, metastases and primary bone 

tumors, as well as in the follow up of patients 

treated with radiation therapy (RT) or chemo-

therapy. From a practical standpoint, it is a non-

invasive technique and can be safely repeated 

without any risk or discomfort for the patient. A 

known disadvantage of MRI in compare to needle 

biopsy is its lower specificity (Casamassima et 

al.1989).  

The hematopoietically active BM represents 

the most appropriate model to study radiation-

induced injuries. MRI can clearly detect the  

depletion of myeloid elements and the increase 

of adipocyte that occur as a consequence of RT 

(Vogler 1998, Ramsey et al. 1985, Remedios et 

al. 1988, Yankelevitz et al. 1991, Kauczor et al. 

1993). The alterations of the MR signal closely 

correlate with radiation-induced alteration of the 

hematopoietic marrow that has been determined 

by invasive techniques. The pattern of myeloid 

depletion and fatty substitution is in turn indica-

tive of the extent of tissue damage 

(Casamassima et al. 1989). In this study we 

have evaluated the early changes in MR Signal 

Intensity (SI) of BM after acute single dose irra-

diation with histopathological correlation.  

MATERIALS AND METHODS 

 

Animals 

Sixteen healthy New Zealand male adult 

white rabbits (Purchased from Razi institute, 

Karaj) aged between 3.5–4 months weighed 2.3 

to 2.9 kg were used. They were kept in the insti-

tute's animal house for one week before beginning 

the experiments. 

 

Imaging 

All animals were imaged before and after 

irradiation using a 0.5T PHILIPS MRI 

(GYROSCAN). The rabbits were put in a card-

board cage and the assembly of cage and rabbit 

were fixed in the neck coil while imaging. T1-

W and SPIR (TR/TE, 631/15) were used as two 

imaging techniques. For each rabbit an image 

that femur was shown in a longitudinal, T1 and 

SPIR axial images were designed and per-

formed. Osiris software was used for reviewing 

of the images. With this software proper profiles 

of images were selected and magnified and a 

region of interest (ROI) was constructed to re-

cord the SI (figure 1). The SI for all profiles 

were measured and recorded. SI for muscle were 

also calculated and recorded separately.  

 

 

Figure 1. Method of computing the MR Signal ratio (Normal MR signal ratio=BM SI / Muscle SI).  

Giving in this example a MR signal ratio of 2.07.  
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Irradiation 

All animals except the controls were  
irradiated to 6 Gy of gamma rays generated from 
a cobalt 60 unit (Thratron 780C) at a dose rate 
of 111.129 cGy/min. 

 

Pathological studies 

After irradiation, animals were scarificed 
and their BM extracted. Smears from different 
parts of BM were provided and stained with he-
matoxylin eosin (H & E) Technique. Micro-
scopic evaluation was performed to determine 
the cellularity of BM by counting the cells in dif-
ferent fields and counting the hemorrhage centers 
produced in different fields. Photomicrographs 
of a normal and irradiated BM is shown in  
figure 2. 

Statistical analysis 

Mean SI of the whole femur in each image 

was determined using SPSS-10 software. Mean 

SI was also measured for muscle in the margin 

of femur as internal control for all slices. In 

each slice the ratio of SI of BM to muscle was 

calculated and was recorded as normalized sig-

nal of BM. Kolomogrov- Simirnov test was 

used for determining the situation of data distri-

bution. for different times. The significance of 

signal variations for all imaging times and sig-

nals intensities of T1-W and SPIR were tested 

with Mann-Whiteney U-test. 

 

 

Figure 2.  Microscopic view of Rabbit Bone marrow  cells with 10 time magnification  indicates reduced  

hematopoietic cells without any change in fat cells. A) Normal bone marrow; B) 72 h after radiation. 

RESULTS 

 

T1-W signals 

Mean and standard deviation of normalized 

T1-SI of rabbit’s BM is shown in figure 3. Ko-

lomogorov-Simirnov test was proved that T1-SI 

of BM is a normal distribution. Mann-Whitney 

test was proved that: T1-W-SI variation between 0 

and1 or 2 days is significant (p<0.001); T1-W- SI 

variation between 0 and 5 days is significant 

(p=0.006); T1-W-SI variation between 0 and 10 

days is insignificant (p= 0.083). 

SPIR Signals 

Normalized SPIR SI obtained from rabbit’s 

BM for different times after irradiation is shown 

in figure 4. 

Kolmogrov–Smirnov's test was shown that 

SPIR-SI for BM has a normal distribution. 

Mann-Whitney test showed that variations of 

SPIR-SI between 0 and 1, 2 days were not sig-

nificantly different (p>0.239); but variations of 

SPIR Signal between 0 and 3, 5, 10 days were 

significant (p<0.001). 
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BM Variation 

BM cellularity variation due to irradiation is 

shown in figure 5. It was observed that number 

of femoral cells is reduced to 15% of the normal 

value after 72 hour post irradiation and then, it’s 

recovery to normal situation was started so that, 

10 days after irradiation femoral cell number  

increased to 35% of the normal value. 

Hemorrhage in BM was investigated and its 

results are shown in figure 6. 

 

Comparison of BM pathologic variation with 

MRI signal 

Correlation rate between MRI signals and 

produced damaged due to gamma irradiation (6 

Gy) in BM graphed as is shown in figures 7 and 8.  

 

DISCUSSION 

 

MR imaging is a non-invasive technique 

that a large volume of BM can be evaluated 

very easily. MRI can be considered as a compli-

Figure 3. variations of mean normalized T1-W- BM -SI 

for control and irradiated rabbits to 6 Gy for different 

times after irradiation.  

Figure 4. Variations of mean normalized SPIR BM -SI  

for control and irradiated rabbit to 6 Gy for different times 

after irradiation.  

Figure 5. Variation of rabbit’s BM cellularity  

after 6 Gy irradiation.  

Figure 6. Variation of hemorrhage rate in BM in  

different times after irradiation.  
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ment to BM biopsy and a procedure for treat-

ment effectiveness, response to treatment 

(Lecouvet et al. 2001) in radiotherapy and che-

motherapy (Pereira et al. 1999, Sacks et al. 

1978, Parmentier et al. 1985). 

Reciprocal relation between distribution rate 

of hematopoietic elements and fat tissue is a 

proved fact. Variation of hematopoietic and fat 

tissue is related to the age, however this variation 

also occurs in pathologic situation. Since MR-SI 

is related to hematopoietic elements and fat, 

change in the ratio of them can be observed 

with MRI. MRI can also distinguish between 

variation of fat, fibrous, aplastic and hypercellu-

larity. Therefore, using this procedure can re-

sults to useful information for diagnosis and 

follow up of hematopoietic related diseases. 

Clinically, usually MR-SI is considered 

qualitative with reference to fat, muscle or CSF  

tissues (Volger et al. 1988, Cavenagh et al. 

1995, Steiner et al. 1990, Rosen et al. 1988, 

Porter et al. 1986, Negendank et al. 1991, Lin-

den 1989, Moulopoulous et al. 1989,1992,1997, 

Vande et al. 1996).   

It was always required to have a qualitative 

procedure to investigate the content of BM. 

With quantitative analysis of BM with the aid of 

MRI, a proper data of the BM content can be 

obtained (cellular BM and aplastic BM). There-

fore, in this study, the variation of BM signals 

after irradiation was investigated quantitatively. 

Normally such studies are carried out in two 

ways: 

In vivo measurement of T1 relaxation time 

or its value (Dooms et al. 1985) and in vivo proton 

spectroscopy (Casamassima et al. 1989, Reme-

dios et al. 1998, Ricci et al.1990, Gewirts  2003, 

ASGBS 1999 , Ballon et al. 1991). 

In this research, in vivo measurements of T1 

and SPIR fat elimination are used. 

MR signal in hematopoietic BM is related to 

proton density and relaxation time. In yellow 

BM and subcutaneous fat tissues, 100% of MR-

SI is due to fats, but, hematopoietic BM is differ-

ent from other tissues, because in normal people 

the ratio of water (in hematopoietic cells) and 

standard image (T1-W) is a result of two oppo-

site signal from cellular and fat elements. 

In these images high signal is produced due 

to increase of fat cell and low signal is due to 

reduction of fat cells, however factors such as 

trabecular bone tissue and myelofibrosis are 

effective and cause the reduction of BM signals 

(Moulopoulous et al. 1997). 

Total body irradiation (TBI) may happen 

due to accidents or due to treatment in radiotherapy. 

TBI can be a part of BM transplantation 

Figure 7. Regression graph of cellularity and T1-W-SI in 

rabbit’s BM (r = 0.725, p = 0.018).  

Figure 8. Regression graph of cellularity and SPIR -SI  

in rabbit’s BM (r = 0.814, p = 0.004). 
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(Mirowitz et al. 1994, Bydder and Young 

1985). Active hematopoietic tissue is very sen-

sitive to ionizing radiation. In the other side, red 

BM, which contains different levels of hemato-

poietic, cells, and is an appropriate model to 

study radiation related damages to these cells. 

BM-MR-SI is related to the presence of fol-

lowing elements: red bone morrow (hypercell), 

fatty BM (yellow) and calcified matrix.  

In this study, acute dose (6 Gy) of gamma 

ray was used to investigate the damage due to 

acute irradiation in BM and it’s possible quick 

recovery to normal situation. This enables one 

to evaluate the variation of BM in short time 

after acute irradiation with MR imaging. 

 

BM Variation 

From pathology point of view, variations of 

peripheral blood and BM after irradiation have 

been studied extensively. The observed varia-

tion is in line with by other studies (Kaul et al. 

1986). The pattern of the variations is approxi-

mately the same. 

 

Variation of MR signals in BM 

Investigations on BM- MR images of spinal 

cord after radiotherapy clearly showed the  

unusual increase of -SI in irradiated vertebra. 

This increase was due to fat increase in BM of 

that vertebra (Casamassima et al.1989, Harris 

1994, Yoffey and Parnell 1944, IAEA 1971, 

Stevens et al. 1990). This variation happen 

minimum 6 weeks and maximum 15 years post 

irradiation with doses in the rage of 8 to 60 Gy 

(Casamassima et al. 1989, IAEA 1971, Stevens 

et al. 1990, Dikovinova 1957, Sabin et al. 

1936). Most studies with MR showed the conti-

nuity of MR-SI. This continuity was without 

any further change, which expresses the failure 

of BM recovery (Harris 1994, Yoffey and 

Parnell 1944, Dikovinova 1957, Sabin et al. 

1936, Yam 1971). Shen et al. showed that, 

variation in BM signal will happen and it may 

continues for several years (Shen et al. 1990). 

Other researchers (Yankelevitz 1991, Starz et 

al. 1990, Li et al. 1999) assigned the BM-SI 

variation after radiotherapy to replacement of fat 

in BM (Yankelevitz et al. 1991). Onu et al. 

(2001) observed the increase of T2 signal in BM 

after 15 days post irradiation with 9 Gy.  

In a study carried on the patient treated with 

radiotherapy, it was shown that variation of BM 

after radiotherapy was observable in a prema-

ture condition after 8 days post irradiation 

(Blomlie et al. 1995). It was also shown 

(Casamassima et al. 1989) that produced varia-

tion on BM after irradiation can be evaluate 

with MRI and is related to two factors of deliv-

ered dose and elapsed time after irradiation. 

They proved that BM recovery is possible only 

for those treated with doses below 50 Gy. 

This study also showed that rapid signs pro-

duced in BM to 6 Gy dose is the reason for  

variation in MR-SI in BM and this variation is 

detectable with MRI. Histopathology studies of 

BM showed that the reasons for signal variation 

are cellularity reduction, edema, hemorrhage, 

fat replacement, fibrous and regeneration of 

BM. As it was shown by previous researchers 

(Sugimura et al. 1994), variation of -SI in irradiated 

BM not only happens due to fat variation but 

also due to hemorrhage. In this method, MR 

images for before irradiation is needed to deter-

mine the produced variation after irradiation, but, 

because the signal variation is not detectable in 

first few hours after irradiation, therefore, MR 

imaging can be done in early hours of irradiation 

as a base line of imaging.  

Kugel et al. (2001) showed that in age 

group less than 31 years, difference of BM sig-

nal for different people is maximum 12% and in 

ages between 31 to 50, this difference in BM-SI 

is higher but for older age groups this difference 

is very less. Therefore, with this categorization, 

a vast spectrum of ages can be investigated con-

fidently. 

Calculation of MR signal is very much  

dependant to the selection of control (Rozman 

et al. 1997), therefore, it's not easy to standardize 

it. Rozman et al. used spinal cord signal as a  
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control. In other studies (Iizuka et al. 2001), also 

spinal cord and muscle have been used as con-

trols. 

In this study in order to harmonize the condition, 

elimination of interfering parameters and stan-

dardizing MR signal, muscle was used as an 

internal control. Received signal from BM was 

evaluated in relation with signals from muscle 

in the margin of femur and its quotient was reg-

istered as normalized BM signal for both T1 and 

SPIR techniques. 

 

T1- SI Variation 

In this study, variation in BM was investi-

gated with usual standard T1- W- SE technique. 

Figure 3 shows T1-W signal variation up to 10 

days after irradiation. reduction of T1 signal in 

24 and 48 h post irradiation are accomplished 

with severe reduction in cellularity and severe  

increase in hemorrhage (figures 5 and 6). This 

signal reduction is related to increase of blood 

plasma and reduction of hematopoietic cells of 

BM, which is agreement with previous studies 

(Sugimura et al. 1994). 

In 72 h point after irradiation, signal reduc-

tion was continued but in compare to 24 and 48 

h points, an increase in T1- SI was observed. 

But cellularity of BM is reduced and hemor-

rhage rate of BM was less in compare to previous 

day. We suggest that increase of signal in com-

pare to 48-h point be related to the reduction of 

hemorrhage rate in compare to the day before 

and subsequently the reduction of incoming 

plasma to the BM space. 

Sugimura et al. (1994) showed that in the 

critical phase of radiation (1-3 days), T1 time is 

longer which is the case in this study. As it was 

mentioned earlier, possibly this problem is due 

to cellularity reduction and edema. After this 

phase, shortening of T1 signals occurred which 

is related to hemorrhage. In the chronic phase 

up to day 10, recovery of BM was observed. 

The mentioned results are in agreement with 

study by Tong et al. (1998). In that study rat had 

been irradiated to different doses and was  

investigated with MRI. They showed that sinusoid 

expansion, hemorrhage, cellularity reduction 3 

days after irradiation and fat replacement 12 

days after irradiation in BM are observed. They 

also concluded that irradiation to a single dose 

causes obvious variation and rapid sequences of 

T1 and T2 in BM. 

In day 5 after irradiation, T1 signal continued 

to increase. This increase was related to reduc-

tion of hemorrhage rate, edema and to some ex-

tend the recovery of BM. In day 10 after irradia-

tion, T1 signal was closer to zero time signal 

and this occurred which BM cellularity also was 

increased and was close to normal value. The 

hemorrhage rate was also less and BM had re-

covered to a good extent. In overall it can be 

said that, BM signal reduction up to 24 and 48 h 

after irradiation is due to sinusoid vascular ex-

pansion, hemorrhage, edema and reduction of 

BM cellularity but from 48h time to day 10. in-

crease of T1 signal is due to gradual reduction of 

edema, hemorrhage and relative compensation for 

BM cellularity. Therefore, the trend of T1 signal 

variation with pathological variation is related 

and is justified.  

From statistical point of view, there was  

significant difference between T1- SI for zero 

time with 24 hour (p<0.001). Difference between 

signal intensities was also significant for times  

between zero and 5 days (p<0.006). But this 

variation was not significant in day 10 

(p=0.083). Signal variation in 24 hours had its 

maximum peak that must be consider in clinical 

studies. 

In previous studies, correlation between SI 

of BM and its cellularity was shown. In this 

study, correlations between T1-SI and BM cel-

lularity are also studied. Results show that BM 

cellularity percentage with T1-SI have correla-

tion (r=0.725, p=0.018). 

BM cellularity= T1-SI*(-27.721)+64.814 

There was not a high correlation between 

hemorrhage and T1-SI (r=0.237, p=483). As it 

was mentioned earlier, in different studies, corre-

lation between cellularity and BM- SI, was 

proved but in case of irradiation damage on 
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BM, because other parameters such as edema 

and hemorrhage are effective on MR signal, the 

correlation between cellularity and T1- SI was 

not observed. 

 

SPIR-SI variation 

As BM variation in acute irradiation is ori-

ented towards hematopoietic cells and no sever 

change in BM fat deposition is occurred, therefore 

SPIR technique was applied to eliminate the SI 

in it’s highest value to obtain signals purely due 

to variation of hematopoietic cells. In figure 4, 

variation of SPIR in animal BM is shown. This 

graph shows that SPIR signals after 24 hour has 

nearly increased and then due to severs reduction 

of BM cellularity, has started to decline. This 

reduction in day 5 reaches to its maximum 

value. 

In this study, from correlation between BM 

signal and its cellularity view, SPIR signal and 

BM cellularity have been studied. Results 

shows that, BM cellularity percentage has cor-

relation with SPIR- SI (r = 0.814, p = 0.004). 

There was not a good correlation between hem-

orrhage and SPIR signal (r = 0.238, p = 481). 

BM cellularity = (SPIR- SI*61.325)-38.272  

 

CONCLUSION 

 

For investigation on irradiated patient and 

in radiation accidents, BM- MRI can be used as 

a noninvasive method. Correlation between BM 

cellularity and SPIR- SI is better than T1- W sig-

nal. There is no correlation between hemor-

rhage in BM, SPIR signals and BM T1- W. 

One disadvantage of evaluation of irradi-

ated individual with MRI is to require MR im-

ages for before irradiation to determine the 

variation. To overcome this disadvantage, MR 

imaging should be preformed in early hours of 

irradiation occurrence. It is necessary to use an 

internal control in order to produce a relative -

SI. It is possible to apply MRI to evaluate the 

improvement of irradiated patient and review the 

recovery of BM. MRI is able to reveal the varia-

tion of BM content in 1-3 days after irradiation.  
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