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OPTIMAL SIGNAL SUPPRESSION OF BONE AND CARTILAGE IN MRI 

The robust procedures for the separation of bone and cartilage tissues in magnetic resonance (MR) images are presented. Increased 
differentiation by contrast and signal-to-noise ratio (SNR) in proposed methods is based on pulse sequence dependence. First method 
is based on the new pulse sequence for MR bone and cartilage imaging, which allows simultaneous suppression of the signal from one 
tissue and visualisation of another one or vice versa. Second method is an optimization of balanced steady-state free precession 
(bSSFP) sequence. Mathematical modeling shows direct increasing of tissue differentiation under optimal values of these pulse 
sequences obtained for high contrast between bone and cartilage and a high SNR. 
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Introduction. Bone and cartilage are difficult to 
distinguish in MR images obtained by standard pulse 
sequences (such as fast spin echo, gradient recall echo, 
turbo spin echo, bSSFP) [3; 4; 6–9]. As a result these 
images cannot be segmented. But segmented images are 
more meaningful and easier to analyze and could be used 
for practical applications such as measurement of tissue 
volumes, treatment planning and study of anatomical 
structure. Each of the pixels in a region of segmented image 
is similar with respect to some characteristic or computed 
property, such as color, intensity, or texture. On MR 
tomograms these properties are functions of such physical 
characteristics as equilibrium magnetization, spin-lattice and 
spin-spin relaxation times and parameters of pulse 
sequence used for visualization. Having considered all 
arguments, it may be pointed out that study of anatomical 
structure and implants manufacturing need a special pulse 
sequence for bone and cartilage MR imaging. This problem 
could be solved in two ways. First way is calculation of 
parameters for a new pulse sequence for MR bone and 
cartilage imaging. Second way is optimization of standard 
pulse sequence for bone and cartilage separation. 

In this work we perform calculation and optimization of 
parameters for a new pulse sequence and bSSFP 
sequence by contrast and SNR for MR bone and cartilage 
imaging. Optimization was provided by mathematical 
modeling according to the theoretical model. 

Theoretical model. Model of bone and cartilage for 
MR could be described with three pairs of parameters: 
equilibrium magnetization per unit volume, spin-lattice and 
spin-spin relaxation times of bone and cartilage. 

Spin-lattice and spin-spin relaxation times of bone and 
cartilage are listed in Table 1 [1–3; 5; 10]. 

 
T a bl e  1  

Spin-lattice relaxation times T1,  
spin-spin relaxation times T2 and densities of bone and cartilage 

Tissue T1, ms T2, ms Density, kg/m3 

Bone 554±27 140±12 1850 

Cartilage 1060±160 42±7 1050 

 
The following approximations were introduced for 

assessment of the equilibrium magnetization per unit 
volume 0M  of bone and cartilage: 

1. Water is a major component of bone and cartilage 
tissues. That is why only the protons of water molecules 
were considered in the calculations. 

2. Distribution of water in bone and cartilage is uniform: 
0 ( )M f r�

�
. 

The equilibrium magnetization as a function of 
magnetic field 0B  and temperature T  is obtained 
according to the 26% mass fraction of water in bone and 
70% mass fraction of water in cartilage. 

The value of the equilibrium magnetization per unit 
volume in the high-temperature approximation is obtained 
using the following formula: 
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Total number of protons is calculated by the following 
formula: 
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where 
2 0H�  – water density, 

2 0HV  – water volume in tissue, 

AN  – Avogadro constant, 
2H OM  – molar mass of water. 

Mass fraction of water in bone is calculated as follows: 
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where bm  – bone mass, 
2 ,H O bm  – water mass in bone,  

b�  – bone density, 
2 ,H O bV  – water volume in bone,  

bV  – bone volume. 
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From (2) and (4) the total number of protons in the 
bone per unit volume is: 
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From (1) and (5) the equilibrium magnetization per unit 
volume for bone is: 
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Mass fraction of water in cartilage is calculated as follows: 
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where cm  – cartilage mass, 
2 ,H O cm  – water mass in 

cartilage, c�  – cartilage density, 
2 ,H O cV  – water volume in 

cartilage, cV  – cartilage volume. 
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From (2) and (8) the total number of protons in the 
cartilage per unit volume is: 
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From (1) and (9) the equilibrium magnetization per unit 
volume for cartilage is: 
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Methods. New pulse sequence for MR bone and 
cartilage imaging. Inversion-recovery method was chosen 
because of almost double spin-lattice relaxation times 
difference: 

1,

1,

1060 1.91
554

c

b

T
T

� � , (11) 

where 1,cT , 1,bT  – spin-lattice relaxation times of cartilage 
and bone respectively. 

Pulse sequence consists of two parts. In the first part of 
the sequence only cartilage was visualized (bone signal 
was suppressed). It can be realized in such a way. A 180° 
pulse is applied first. This pulse rotates the net 
magnetization down. A 90° pulse is applied after applying 
of 180° pulse with delay: 

1, ln(2) 384b bT T� � �  ms. (12) 
It should be noted that at this time net magnetization of 

bone is zero. In the second part of the sequence only bone 
was visualized (cartilage signal was suppressed). This part 
is similar to the first part of sequence, but the delay 
between the radio frequency (RF) pulses is: 

1, ln(2) 734.7c cT T� � �  ms. (13) 
Sequence repetition time TR is 3 seconds, because z-

component of the magnetization vectors must return to 
equilibrium. 

bSSFP uses rapid excitation radiofrequency pulses 
combined with fully balanced gradient pulses to acquire 
images. It is based on a low flip angle GRE sequence and 
also includes transverse magnetizations from overlapping 
echoes along with longitudinal magnetizations from GRE.  

Simulation is selected for verification of results, 
because the simulator is available in comparison with the 
real MRI system. 3D simulations are very time consuming, 
that is why 2D sample "2D 2-spheres" (Fig. 1) was selected 
as the object in MRI simulator JEMRIS. This sample allows 
to explore two tissues simultaneously. 

 

1 2 

 
 

Fig. 1. Sample "2D 2-spheres":  
1 – bone, 2 – cartilage 

 
Results. Parameters used in the simulation correspond 

to real parameters of bone and cartilage. 
The new pulse sequence. After signal suppression 

images shown in Fig. 2 were obtained. Contrasts are 
90±10% and 86±9%, SNR are 5.00 and 6.59 respectively. 

Optimization of delay between RF-pulses by a high 
contrast and maximum SNR of reconstructed tomogram 
was done. Examples of obtained images shown in Fig. 3. 

Delays are 400 ms and 750 ms respectively. Results of 
mathematical modeling showed that the contrasts in these 
cases are 63±12% and 90±10% and SNRs are 6.51 and 
7.87 respectively. 

a b 

 
 

Fig. 2. Reconstructed tomograms:  
a – the cartilage image  

(the bone signal was suppressed);  
b – the bone image  

(the cartilage signal was suppressed) 
 

a b 

c d 

 
Fig. 3. Reconstructed tomograms were obtained  

by the new pulse sequence with delay between RF pulses in: 
a –300 ms; b –400 ms; c –700 ms; d –800 ms 

 
bSSPF studies consist of SNR dependence upon 

repetition time TR, excitation time TE and flip angle. Fig. 4 
shows SNR as a function of TR from both cartilage and 
bone with excitation time TE = 0.5TR and flip angles of 
22° and 53°. 

It can be seen that SNR decays with the increase of 
TR. Fig. 5 shows image degradation at long repetition 
times TR. 

For studying SNR dependence upon excitation time TE, 
TR was set to 6 ms based on the aforementioned results. 
Flip angles remained the same. TE was changed from 1 to 
5 ms with increment of 1 ms. 

No visible changes of SNR were registered, but 
cartilage contrast is slightly better with TE = 3 ms 
(~ 0.5 TR). 

The most important task was to find an optimal angle, 
so that both cartilage and bone SNR were of satisfactory 
values. TR =6 ms and TE = 3 ms were chosen. 

Fig. 6 shows SNR dependence upon flip angle with 
clearly visible maximum cartilage SNR of ~17 around  
20–23° with bone SNR of ~12 at the same angle. Choosing 
flip angle that maximizes bone SNR (53°) is not rational 
because of significant cartilage SNR drop at this angle. 
 



~ 54 ~ � � � � � �  ��	
��
��� ������������� ���
�������� ����� ������ ��
���
�          ISSN 1728-2306 
 

 

 
0 

10 

20 

14 2 4 6 8 10 12 

12 

14 

16 

18 

16 

TR, ms 

SNR 

a 

 

0 
10 

20 

14 2 4 6 8 10 12 

12 

14 

16 

18 

SNR 

TR, ms 

b 

 
Fig. 4. SNR dependence upon TR, flip angle 22°(a) and 53°(b). 

SNR of cartilage is marked with dots, SNR of bone is marked with crosses 
 

 
Fig. 5. Image degradation with TR = 40 ms  

and TE = 20 ms (right) compared to TR =4 ms and TE = 2 ms (left) 
 

To compare SNR-efficiency the image with the same SNR 
of both tissues using classic GRE pulse sequence 
(TR/TE/angle = 500ms/10ms/51°) was acquired. Time to 
achieve SNR of 17 for cartilage and 12 for bone was 
15 m 13 s using GRE and 10 m 17 s using bSSFP, making 
bSSPF 22% more SNR-efficient than classic GRE sequence. 
This difference in efficiency can be used for shortening scan 
time or for improving overall image resolution. 

Conclusion. We have proposed two procedures for 
optimal signal suppression of bone and cartilage in MRI. 
Inversion-recovery is the most effective when delays between 
RF-pulses are 400 ms and 750 ms for bone and cartilage 
suppression. The contrasts are 63±12% and 90±10% and 
SNRs are 6.51 and 7.87 respectively. bSSFP achieves the 
best separation with TR/TE/flip angle = 6 ms/3 ms/22° 
acquiring cartilage and bone SNRs of 17 and 12 respectively. 
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Fig. 6. SNR dependence upon flip angle with TR = 6 ms and TE = 3 ms.  

SNR of cartilage is marked with dots, SNR of bone is marked with crosses 
 

Reference 
1. Damadian R., Zaner K., Hor D., DiMaio T., Human Tumors Detected 

by Nuclear Magnetic Resonance// Proc.Nat.Acad.Sci. USA. – 1974. – 
Vol.71, �4. – P. 1471–1473. 2. Dardzinski B. J., Laor T., 
Schmithorst V. J.,Klosterman L., Brent Graham T., Mapping T2 Relaxation 
Time in the Pediatric Knee: Feasibility with a Clinical 1.5–T MR Imaging 
System// Radiology. – 2002. – Vol.225, �1. – P. 233–239. 3. Gold G. E., 
Han E., Stainsby J., Wright G., Brittain J., Beaulieu C., Musculoskeletal MRI 
at 3.0 T: Relaxation Times and Image Contrast//AJR. – 2004. – Vol.183, 
�2. – P. 343–351. 4. Hargreaves B. A., Gold G. E., Beaulieu C. F., 
Vasanawala S. S., Nishimura D. G., Pauly J. M., Comparison of new 
sequences for high-resolution cartilage imaging// Magn Reson Med. – 2003. 
– Vol.49. – P. 700–709. 5. Joseph D., Gu W. Y., Mao X. G., Lai W. M., 
Mow V. C., True density of normal and enzymatically treated bovine articular 
cartilage. In: Proceedings of 45th Annual Meeting of Orthopaedic Research 

Society, Feb 1999, Anaheim, CA, 1999: 642. 6. Kijowski R., Clinical 
Cartilage Imaging of the Knee and Hip Joints// AJR. – 2010. – Vol.195, �3. 
– �. 618–628. 7. Kijowski R., Lu A., Block W., Grist T., Evaluation of the 
articular cartilage of the knee joint with vastly undersampled isotropic 
projection reconstruction steady-state free precession imaging// J Magn 
Reson Imaging. – 2006. – Vol.24. – P. 168–175. 8. Link T. M. Cartilage 
Imaging: Significance, Techniques, and New Developments. - New York: 
Springer, 2011. – 245 �. 9. Recht M. P., Goodwin D. W., Winalski C. S., 
White L. M., MRI of Articular Cartilage: Revisiting Current Status and Future 
Directions// AJR. – 2005. – Vol.185, �4. – �. 899–914. 10. Yang J., 
Chiou R., Ruprecht A., Vicario J., MacPhail L. A., Rams T. E., A new device 
for measuring density of jaw bones// Dentomaxillofacial Radiology. – 2002. 
– Vol.31, �5 – P. 313–316. 

S u b m i t t e d  o n  1 4 . 05 . 13  

�. ������	
, 	���. ��
.-���. ���	, �. �������, ����., �. �
�
	
���	
�, ����. 
	��. ������
� ����
��
�	�, ����
��
����� ��	������, 
��� ����� ������ !�����	�, ���� 

 
#��$%&'*�+ ��$9�!+��< �$>�&'�? �����$ � @�<A& ? %�� 

�������	
��� ���
��
 ��������� �
� 	
��

���� �
����	�� 
 �����	�� ������ �� ����
���-����������� (��) �����������. ��

�!���� 
��"�����
��
# �� ���������� 
 ��
		
���!����� �����
-!�� � ���������	���� ������� �����	��� �� ��
������
 	
� 
���
����# ���

��	����
. 
���!�� ����� ����$���� �� ��	
� 
���
���
� ���

��	����
 �
� �� ��������� �
���� 
 ����
	, ��� ���	�
�$ �����!��� �����
 	
� ���
$# 
������� 
 	
���

��	��� 
�!� 
 ��	����. %����� ����� – �� �����
���
� ���

��	����
 balanced steady-state free precession. ��������&�� 
����
'	���� ������$ ����� ��

�!���� ��"�����
��
# ������ ��� ������
���� ���&����� ��� ���

��	������, ��������� �
� 	������� 
��������� �
� �
����' 
 ������ 
 	�
����� ��
		
���!���� �����
-!��. 

*
'&�	
 �
�	�: ����
���-���������
 ���������� �
���� 
 ����
	, ��
		
���!���� �����
-!��, ��������, �����
���
� 
���
����# 
���

��	����
. 

 
�. ������	
, 	���. ��
.-���. ���	, �. �������, ����., $. �
�
	
���	
�, ����. 
	��. ����B���	
� ����
��
�	�, ����
��
����	�� ��	������, 
��� ����� ������ !�����	
, ���� 

 
#��$%&'*�#+ �#9&?'+�$+ �$>�&'#? �#��$ $ @�<A& ? %�� 

�������	
��� ������+� ��������+ �
� ����
���� �����+� � �����	+� ������ �� ��������-���������+� (��) ������������. 
/	�
�&���� ��""���������� �� ��������� � ������!���' �����
-!�� 	 ����
�����+� ������� ����	��� �� ��	�������� �� ����
����� 
���
���	���
������. ���	+� ����� ���������� �� ��	�� ����
����� ���
���	���
������ �
� �� ����������� ������ � ������, ������� 
���	�
��� ����	��� �����
 �� ����� ����� � 	����
�����	��� 	����' � ��������. 0����� ����� – 1�� ����������� 
���
���	���
������ balanced steady-state free precession. ��������&����� ����
���	���� �����+	��� ������ �	�
�&���� ��""���������� 
������ ��� ������
��+� ���&����� 1��� ���
���	���
�������, ��
�&���+� �
� 	+������ ��������� ����� �����' � ������ � ��
�!��� 
������!���� �����
-!��. 

*
'&�	+� �
�	�: ��������-���������+� ����������� ������ � ������, ������!���� �����
-!��, ��������, ����������� ����
����� 
���
���	���
������. 


