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Abstract. To eva lua te  the  usefulness  o f  assessing bone  
c o m p o n e n t s  us ing magne t i c  r e sonance  imag ing  ( M R I ) ,  
the con t r i bu t i ons  o f  bone  c o m p o n e n t s ,  inc lud ing  miner -  
al, fa t  and  col lagen,  to bone  mine ra l  dens i ty  ( B M D )  
and  T1 r e l axa t i on  t ime (T1) were  s tud ied  us ing phan -  
toms.  Excised h u m a n  ve r t eb rae  were  also eva lua ted  by  
quan t i t a t i ve  c o m p u t e d  t o m o g r a p h y  (QCT)  a n d  M R I .  
T1 was shor t ened  wi th  increas ing  quant i t i es  o f  fat  a n d  
col lagen.  In  water ,  T1 was s igni f icant ly  affected by  bone  
densi ty ,  while  in oil,  T1 became  sl ight ly longer  as bone  
dens i ty  increased.  The  presence  o f  fa t  a n d  col lagen 
caused under -  and  ove res t ima t ions  o f  B M D ,  respect ive-  
ly. There  was g o o d  co r r e l a t i on  be tween  T1 and  B M D  
in o s t e o p o r o t i c  ve r t eb rae  and  the ve r t eb rae  wi th  long  
T1 showed  an  increased  con ten t  o f  h e m a t o p o i e t i c  mar -  
row a n d / o r  a b n o r m a l l y  inc reased  bone  minera l .  I t  was 
conc luded  tha t  the expe r imen ta l  d a t a  showed  tha t  M R I  
can con t r i bu t e  to the assessment  o f  bone  qual i ty .  
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Quan t i t a t i vc  CT (QCT)  is an  es tab l i shed  m e t h o d  for  
assessing the mine ra l  con ten t  o f  bone  in the ve r tebra l  
spongiosa .  The  c o n t r i b u t i o n  o f  ve r t ebra l  fa t  con ten t  to 
the accu racy  o f  s ingle-energy Q C T  has been  discussed 
~br years ,  a n d  m a n y  inves t iga tors  have  t r ied  to es t imate  
the fa t  con ten t  in the ver tebra l  s p o n g i o s a  us ing Q C T  
[2, 8, 9, 15, 16]. M a g n e t i c  r e sonance  imag ing  ( M R I )  
has  been used  to d i f ferent ia te  the  wa te r  and  fa t  s ignals  
[1, 4, 14]. 

We obse rved  the inf luence o f  three  bone  c o m p o n e n t s ,  
minera l ,  fat ,  and  col lagen,  on the bone  mine ra l  dens i ty  
( B M D )  a n d  T1 r e l axa t ion  t ime exper imenta l ly ,  us ing 
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p h a n t o m s .  We also examined  the co r re l a t ion  be tween 
TI r e l axa t ion  t ime and  B M D  in 94 excised h u m a n  verte-  
b ra l  spec imens  and  co r re l a t ed  the results  wi th  the his to-  
logical  f indings,  to ascer ta in  the usefulness  o f  CT a n d  
M R I .  N o  prev ious  r e p o r t  has  asscssed the inf luence o f  
fat  and  co l lagen  on  B M D  and  TI  r e l axa t ion  t ime us ing 
bo th  Q C T  and  quan t i t a t ive  M R I  in the same series. 

Materials and methods 

Phantoms 

Phantoms containing composites of CaCO3 to simulate mineral, 
cottonseed oil to sinmlate marrow fat, and agar to simulate colla- 
gen were prepared. One series contained various concentrations 
of CaCO3 (50, 100, 150 mg/ml) and cottonseed oil (0, 10, 20, 30 
mg/ml) with a constant 50 mg/ml agar concentration in water solu- 
tions. Another series contained various concentrations of agar (50, 
100, 150, 200 mg/ml) and constant concentrations of CaCO3 (100 
mg/ml) and of cottonseed oil (10 mg/ml). 

Vertebrae 

We examined 94 lumbar vertebral (L1-4) specimens excised from 
65 male and 29 female cadavers ranging in age from 11 to 85 
years. No patients with primary hematopoietic disorders, such as 
leukemia, and aplastic anemia, were included. The excised vertebral 
bodies usually included the pedicles but not the posterior arches 
and transverse processes. All bones were fixed in 10% formalin 
solution for 2 or 3 days before the MRI and CT examinations. 
All the specimens were also examined histologically_ 

Magnetic resonance imaging 

MRI was accomplished using a 1.5-T Signa system (GE Medical 
Systems). The vertebral specimens were scanned in a head coil 
using spin-echo techniques, and T1 data were obtained from two 
images with repetition times (TR) of 300 and 800 ms and an echo 
time (TE) of 20 ms (TR/TE = 300, 800/20). The T1 relaxation time 
was derived from a two-parameter-fit algorithm. The vertebrae 
were scanned using 3 mm thickness at midplane in sagittal and 
axial sections. A 256 x 192 data acquisition matrix was employed. 
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Quantitative CT 

A Siemens Somatom DR-H was used for the CT examinations. 
This scanner is equipped with a rapid kVp switching system [13], 
which changes the peak voltage between 125 and 85 kVp from 
pulse to pulse, thereby ensuring the collection of all necessary data 
during one scan. 

The following four images can be reconstructed from the raw 
data: the high-energy image (KV-HI; 125 kVp single-energy data), 
the low-energy image (KV-LO; 85 kVp single-energy data), the 
water-density image (MAT-LO) and the calcium density image 
(MAT-HI). A region of interest (ROI) was placed in the KV-HI 
and MAT-HI images to calculate the calcium content, expressed 
in milligrams calcium hydroxyapatite equivalent per cubic centime- 
ter. The vertebrae were placed in a water bath and were scanned 
using an 8-mm-thick slice at midplane. 
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Fig. 2. TI relaxation times with various concentrations of fat and 
mineral 

Experimental data 

Influence of fat and mineral on the T1 relaxation time 
and BMD. The measured T1 relaxation time plotted 
against the concentration of  oil in different concentra- 
tions of  CaCO3 is shown in Fig. 1. In phantoms without 
oil, the T1 relaxation time lengthened as the CaCO3 
increased in concentration. In phantoms with oil, the 
T1 relaxation time was not significantly affected by the 
increase in CaCO3 concentration [3]. This result (Fig. 1) 
is elaborated on in Fig. 2 for various mixtures of  oil 
in varying concentrations between 100 and 300 mg/ml. 
The T1 relaxation time correlated closely with the con- 
centrations of  oil and became longer as the CaCO3 con- 
centrations increased. 

Figure 3 shows the influence of  fat on bone mineral 
density as assessed by QCT. There were close correla- 
tions between BMD and the concentrations of  mineral. 
BMD estimated with single-energy QCT was more 
strongly influenced by fat than was B M D  as estimated 
using dual-energy QCT. 
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Fig. 3. Influence of fat on bone mineral density (BMD). BMD 
estimated with single-energy quantitative computed tomography 
(SEQCT) and with dual-energy quantitative computed tomography 
(DEQCT) 
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Fig. 1. T1 relaxation times with various concentrations of fat and 
mineral. In phantoms without oil, the T1 relaxation time becomes 
longer as the CaCO3 concentration is increased. In phantoms with 
oil, the TI relaxation time is not significantly affected by increased 
CaCO3 concentrations 

Influence of agar on T1 relaxation time and BMD. The 
influence of  agar on T1 relaxation times was evaluated 
using phantoms containing various concentrations of  
agar but a constant concentration of  100 mg/ml CaCO3 
and 10 mg/ml cottonseed oil. T1 relaxation times de- 
creased as agar concentrations increased (Fig. 4). 

Figure 5 shows the influence of  agar on bone mineral 
density. BMD estimated using single-energy QCT was 
strongly influenced by the concentration of agar, while 
BMD estimated using dual-energy QCT was not signifi- 
cantly influenced by agar concentration. 

Evaluation of the cadaveric vertebrae 

Relationship between the T1 relaxation time and BMD. 
Fifty-four vertebral specimens f rom patients without ei- 
ther metabolic disorders or bone mar row dysfunction 
showed T1 relaxation times between 220 and 400 ms. 
There was good correlation ( r=0.59,  P<0 .0001)  be- 
tween T1 relaxation time and B M D  as estimated by sin- 
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Fig. 5. BMD in various concentrations of agar 
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Fig. 6A, B. Good correlation exists between T1 relaxation times 
and BMD. A Correlation with BMD as estimated with SEQCT; 
B correlation with BMD as estimated by DEQCT 

gle-energy QCT (Fig. 6A). There was also good correla- 
tion (r=0.51,  P<0.0001)  between TI relaxation time 
and BMD as estimated by dual-energy QCT (Fig. 6 B). 

Vertebrae with long T1 relaxation times. Twenty-two ver- 
tebrae with increased cellularity histologically showed 
T1 relaxation times greater than 400 ms. These were 
from 13 patients who had had liver cirrhosis, seven who 
had been on hemodialysis, and two who had had dia- 
betes mellitus. Four  of the seven patients who had been 
on hemodialysis had manifest osteosclerosis. 

Case 1 was the cadaver of  a 57-year-old man with 
liver cirrhosis. CT revealed no abnormality and a T1- 
weighted image of  the vertebra showed a low signal in- 
tensity (Fig. 7). Histologically, the cellularity of  the ver- 
tebra was markedly increased. 

Vertebrae from the four patients who had been on 
hemodialysis and who had marked osteosclerosis on CT 
also had relatively long T1 relaxation times, greater than 
400 ms. In case 2, a 32-year-old woman, a reconstructed 

sagittal CT image showed osteosclerosis near the end- 
plate, while a Tl-weighted sagittal image showed low 
signal intensity in the same region (Fig. 8 A). Histologi- 
cal study of  this sclerotic region revealed numerous im- 
mature thin trabeculae and moderately increased cellu- 
larity, and some peritrabecular fibrosis (Fig. 8 B). The 
focal, markedly low signal intensity was attributed to 
a combination of  increased bone mineral and possible 
marrow fibrosis. 

Vertebrae with short T1 relaxation times. Eighteen verte- 
brae exhibited TI  relaxation times less than 220 ms. All 
these specimens showed thin trabeculae and increased 
fat marrow histologically. 

Discussion 

It is well known that the presence of  fat causes underesti- 
mation and the presence of  collagen overestimation of  
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Fig. 7A, B. A 57-year-old man with hepatic cirrhosis (case 1). 
CT shows no abnormality (A) and the Tl-weighted image (B) 
shows a low signal intensity throughout most of the vertebra, 
not including the subcortical region and the region around the 
nutrient foramen 

Fig. 8A, B. A 32-year-old woman with chronic renal failure on 
maintenance hemodialysis (case 2). A A reconstructed sagittal 
CT image shows osteosclerotic changes near the endplate, while 
a Tl-weighted sagittal image shows low signal intensity in the 
same region. B This osteosclerotic region shows numerous imma- 
ture thin trabeculae 

BMD. Some investigators have reported the influence 
of vertebral fat content on QCT [2, 8, 9, 15, 16]. The 
fact that the dual-energy QCT estimate is more accurate 
than the single-energy QCT estimate has been reported 
by many investigators [7, 10]. These results were con- 
firmed in our experiments in which the influence of  oil 
and agar on T1 relaxation times was observed in the 
same setting. 

The results of our experiments using quantitative 
MRI  showed that T1 relaxation time was significantly 
affected by bone density in water, while in oil, T1 relaxa- 
tion times became only slightly longer as bone density 
increased. These data suggested a possibility that the 
bone appears low in signal intensity in some metabolic 
bone diseases with markedly increased bone mineral or 
with hypercellular marrow, and that the bone with in- 
creased fat or collagen appears relatively high in signal 
intensity. With regard to quantitative MRI  of  bone min- 
eral, the effects of  bone on proton N M R  relaxation times 
of surrounding liquids have been reported by Davis et al 
[3]. They measured T1 relaxation times and T2* relaxa- 
tion times by MR spectroscopy, and found that the min- 
eral exerted no influence on T1 relaxation time in fat 
solution but that it had a significant influence on T2* 
relaxation time both in water and in oil. We studied 
the effect of  mineral on T1 relaxation times using gela- 
tinous phantoms, which are thought to bear a close re- 
semblance to real bone. The results of  our experiments 
were consistent with theirs in many respects. The dis- 
crepancy between our results and theirs can be attributed 

to differences in methods; they used MR spectroscopy 
and liquid phantoms, whereas we used MRI  and gelatin- 
ous phantoms. 

The T1 relaxation time of  bone marrow is a combina- 
tion of  the short T1 relaxation time of  marrow fat and 
the long T1 relaxation time of the water-laden normal 
or pathologic hematopoietic tissue. The replacement of  
hematopoietic tissue by fatty marrow may explain the 
shortening of  T1 relaxation times; there have been sever- 
al reports concerning the relationship between T1 relaxa- 
tion time and cellularity of  bone marrow [5, 12, 14, 18, 
19]. In our study, the vertebrae with long T1 relaxation 
times revealed hypercellularity and/or markedly in- 
creased bone mineral, while the vertebrae with short T1 
relaxation times revealed hypocellularity and were osteo- 
porotic histologically. 

The vertebral spongiosa consists of bone mineral and 
bone marrow (hematopoietic and fatty marrow). Our 
data show that bone loss is accompanied by an increase 
in fat content. The interaction between the bone metabo- 
lism and bone marrow has not  been elucidated, but it 
is presumed that the functional cells in the bone marrow 
are involved in the process of  bone remodeling. It is 
interesting that an increase in the quantities of  fat is 
thought to precede osteopenia in certain cases of osteo- 
porosis [15]. Further investigation is necessary, there- 
fore, to clarify which change occurs earlier - the increase 
in fat content or the loss of  mineral content - and also 
to clarify in which area osteoporosis occurs earliest. 

Collagen and mineral are usually present in relatively 
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cons t an t  p r o p o r t i o n s  in pa t ien t s  w i thou t  specific me ta -  
bol ic  bone  d isorders .  In  os t eomalac ia ,  rena l  o s t eodys t ro -  
phy,  and  G a u c h e r  disease  [10, 17], the con ten t  o f  mine ra l  
and  fa t  is an  i m p o r t a n t  f ac to r  inf luencing  the B M D  and  
T1 r e l axa t ion  t ime.  M e a s u r e m e n t s  o f T 1  r e l axa t ion  t imes 
m a y  be useful  for  eva lua t ing  changes  in bone  qual i ty ,  
because  pa t ien t s  on  m a i n t e n a n c e  hemodia lys i s  exhibi t  
va r ious  types  o f  bone  change  [: l l] ,  such as increased  
col lagen or  increased  fa t  or  m a r k e d l y  increased  minera l -  
iza t ion.  

In  s u m m a r y :  
1. Expe r imen ta l ly ,  an  increase  in fat  and  co l lagen  in- 
duces a sho r t en ing  o f  the  T1 r e l axa t ion  t ime.  T1 re laxa-  
t ion  t ime in oil is n o t  s ignif icant ly  af fec ted by  the quan-  
t i ty  o f  minera l .  The  presence  o f  fat  causes unde re s t ima -  
t ions  o f  B M D ,  while the presence  o f  co l lagen  causes 
ove res t ima t ions  o f  B M D .  D u a l - e n e r g y  Q C T  is m o r e  ac- 
cu ra te  t han  is e i ther  o f  the s ingle-energy Q C T  est imates .  
2. There  is g o o d  co r re l a t ion  be tween  the T I  r e l axa t ion  
t ime and  B M D .  Some  ve r t eb rae  have  long  T1 r e l axa t ion  
t imes,  p r o b a b l y  due  to inc reased  h e m a t o p o i e t i c  m a r r o w  
and  m a r k e d l y  increased  bone  minera l .  The  bones  wi th  
shor t  T1 r e l axa t ion  t imes p r o b a b l y  con t a in  inc reased  
a m o u n t s  o f  fa t ;  they  revea led  o s t e o p o r o t i c  changes  
h is to logical ly .  

This  expe r imen ta l  and  cadave r  s tudy  shows tha t  M R !  
can p rov ide  useful  i n f o r m a t i o n  a b o u t  changes  in bone  
compos i t i on .  
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