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Issues for Discussion



1.1. Liver is the main storage organ. When its storage Liver is the main storage organ. When its storage 
capabilities are exceeded other organs begin to store capabilities are exceeded other organs begin to store ironiron

2.2. Ferritin is the predominant storage protein up to a Ferritin is the predominant storage protein up to a 
moderate iron concentrationmoderate iron concentration

3.3. Above a threshold, part of ferritin degenerates to Above a threshold, part of ferritin degenerates to 
hemosiderinhemosiderin for even larger iron storage, and at high iron  for even larger iron storage, and at high iron 
overload hemosiderin is the overload hemosiderin is the predominant speciespredominant species

Iron Storage and Metabolism





Iron Storage and Metabolism in a rabit 
liver (a month after iron injections)



Ferritin and Hemosiderin Concentrations: 
Mathematical Simulation

[ ]( ) [ ] [ ] (1 )totalk Fe
totg x Hemo Fe A e−= = − −

[ ]( ) [ ] (1 )totalk Fef x Ferritin A e−= = −





1.1. FerritinFerritin is water-soluble and circulates in the  is water-soluble and circulates in the 
blood in addition to being stored in the liver, blood in addition to being stored in the liver, 
myocardium and other tissuesmyocardium and other tissues

2.2. HemosiderinHemosiderin is hydrophobic ( is hydrophobic (not water-solublenot water-soluble), ), 
precipitates at the site of “creation” and its iron precipitates at the site of “creation” and its iron 
core is not accessible to the tissue water molecules core is not accessible to the tissue water molecules 
the way the iron core of the way the iron core of ferritinferritin is is  

Basic Differences between Ferritin and HemosiderinBasic Differences between Ferritin and Hemosiderin



The relationship between RThe relationship between R22 and R and R22* * 
is given by the following equation:is given by the following equation:

mag.sus = magnetic susceptibilitymag.sus = magnetic susceptibility
magn.inh = magnetic inhomogeneitymagn.inh = magnetic inhomogeneity

Obviously RObviously R22*> R*> R22. R. R22* “sees” * “sees” 
everything, everything, RR22 can only “see” ferritin and  can only “see” ferritin and 
other water- other water- soluble molecules storing ironsoluble molecules storing iron
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Methods for Measuring RMethods for Measuring R22
1. Single Hahn echo, repeated at various TE values 

(Tim St. Pierre et al.1 and John Wood et al.2)
Total acquisition time of the TSP protocol for 5 echoes
(TE = 6, 9, 12, 15, 18 msec, TR = 2500 msec, 256x256)
is 25 minutes in T.S. Pierre’s Protocol (FERRISCAN), 
a breath-hold per echo for John Wood’s protocol 
(low resolution).

2. Carr-Purcell-Meiboom-Gill (CPMG). We used this
sequence for over 100 patients and phantoms 
(also it takes 5-6 minutes). More artifacts in the myocardium.
Used also by D. Pennell in their recent research. It has more
chances of becoming a Universal Protocol for R2.

1 St. Pierre T G, Clark P R, Chua-Anusorn W, Fleming A J, Jeffrey G P, Olynyk J K, 
Pootrakul P, Robins E and Lindeman R, Blood 2005;105: 855–61

2 Wood JC, Enriquez C, Churge N, Otto-Duessel M, Aguilar M, NelsonMD, Moats R, 
Coates TD, Blood 2005 Aug 15; 106(4): 1460-5



Single Hahn-echoSingle Hahn-echo  (Spin Echo)(Spin Echo)

echo

RF

signal

readout

900

phase

slice

TE

1800



Carr-Purcell-Meiboom-Gill (CPMG)

S0e -t/T2*
Echo

FID

The difference here is that the 180o rf pulses are phase-shifted by 90o with respect to 
the initial 90o pulse resulting in minimization of rf pulse imperfection contributions



Methods for measuring R2*( = 1/T2*)

1. Single-breath multi-echo. All data are collected within a 
breath-hold (15-20 sec). With a minimum TE = 2,0 msec, T2* 
of the order of 1,25 msec can be measured accurately 
(equivalent to about 20 mg/g dry tissue

2. Single-breath, single-echo. “Pushing” the hardware to its 
limits a small TE=0,90 msec can be used and smaller intervals 
thereafter (e.g. 0,05 msec) can lead to a “decent” measurement 
of T2 as low as 0,4 msec, equivalent to ≈ 62.8 mg/g dry tissue. 
It is however more time-consuming. To increase SNR for the 
severely overloaded liver we use a slice thickness of 15 mm, a 
matrix of 128x256, 4 NEX and no gating (14 sec acquisition 
time)



Because of the way TBecause of the way T22 is measured (it uses a refocusing 180 is measured (it uses a refocusing 180oo  
pulse) it requires a time-dependent interaction mechanism in pulse) it requires a time-dependent interaction mechanism in 
order to be affected by it. Static magnetic field order to be affected by it. Static magnetic field 

inhomogeneities and magnetic susceptibility variations are inhomogeneities and magnetic susceptibility variations are 
canceled out. The only mechanisms that affect Tcanceled out. The only mechanisms that affect T22 are: are:

1.1. Diffusion (thus the inter-echo times affect the measured Diffusion (thus the inter-echo times affect the measured TT22  
values). Both Tvalues). Both T22 and T and T22* are affected by this mechanism* are affected by this mechanism

2.2. Chemical exchange between two different magnetic Chemical exchange between two different magnetic 
environments (environments (bulk water and water that bulk water and water that comes “close comes “close enough” to enough” to 
the paramagnetic centerthe paramagnetic center). Ferritin qualifies for ). Ferritin qualifies for this, this, hemosiderin hemosiderin 
NOTNOT



T2 and T2*- weighted images of a brain 
cavernoma

Spin echo T2-weighted images

Gradient-echo T2*-weighted images



1.1. RR22 vs. [Fe] vs. [Fe]totaltotal or vs. R or vs. R22* in tissues * in tissues 
(myocardium, liver) is non-linear (Tim (myocardium, liver) is non-linear (Tim 
St Pierre et al., John Wood et al., St Pierre et al., John Wood et al., 
Dudley Pennell et al., ED. Gotsis et al.).Dudley Pennell et al., ED. Gotsis et al.).

The data are best fitted by various The data are best fitted by various 
mathematical equations. Aside from the mathematical equations. Aside from the 
mathematics the question remains why mathematics the question remains why 
there is no linear correlation between there is no linear correlation between 
RR22* and R* and R22 in the tissues  in the tissues 



Calibration of RCalibration of R22 and R and R22* versus Liver Iron * versus Liver Iron 
ConcentrationsConcentrations   (LIC) (LIC)

1.1. Measurement ofMeasurement of  RR22 and correlation to liver iron  and correlation to liver iron 
concentration as determined by liver biopsies. concentration as determined by liver biopsies. 

(Ferriscan, with(Ferriscan, with  FDA Approval, FDA Approval, 
Originally developed by Originally developed by T. St. Pierre et al., T. St. Pierre et al., 
2003-2003- 2005)2005)

2.2. Measurement ofMeasurement of  RR22* * and correlation with liver and correlation with liver 
iron concentrations as determined by iron concentrations as determined by   liver liver biopsies biopsies 
((John Wood et al., 2004-2005)John Wood et al., 2004-2005)



Calibration of Liver RCalibration of Liver R22 vs. Liver Concentration vs. Liver Concentration  
(Tim St Pierre et al., Blood, 2005)(Tim St Pierre et al., Blood, 2005)



Typical Report of LIC from FERRISCANTypical Report of LIC from FERRISCAN
Similar reports are issued for the myocardium based on RSimilar reports are issued for the myocardium based on R22**



Correlation ofCorrelation of  RR22* with Total Hepatic Iron * with Total Hepatic Iron 
concentrationconcentration ( (John Wood et al.John Wood et al., 2005), 2005)



Comparison ofComparison of  RR22* with Total Hepatic Iron concentration* with Total Hepatic Iron concentration  
((Jane S. Hankins et al., 2009et al., 2009))

Good agreement between Hankins and Wood



RR2 2  vs. R vs. R22* in Myocardium * in Myocardium 
(fitted by a quadratic equation)(fitted by a quadratic equation)

D. Pennell et al, 2009



RR2 2  vs. R vs. R22* in Myocardium* in Myocardium

ED Gotsis et al., 2010 (manuscript in preparation)

RR22 = A*(1-e  = A*(1-e -k∙R-k∙R
22**))



RR2 2  vs. R vs. R22* for Myocardium at 1.5 and 3.0 Tesla* for Myocardium at 1.5 and 3.0 Tesla

E.D. Gotsis, J. Seimenis, Ch. Economides et al., 2010, 
(manuscript in preparation)

RR22 = A*(1-e  = A*(1-e -k∙R-k∙R22**))



Myocardial TMyocardial T22* Human Calibration* Human Calibration

Cardiac T2* [ms]Cardiac T2* [ms]
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Pennell. 2009, NIH Grant: R01 DK066084-01 



Kaplan Meier Curves: TKaplan Meier Curves: T22* and Heart * and Heart 
FailureFailure <6ms

6-8ms

8-10ms

>10ms

Kirk P., Circulation 2009
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At T2* of 1 ms the CIC is approx. 25 
mg/gm dry weight. At a T2* of 2 ms it 
is about 13 mg/gm dry weight, similar 
to the liver calibration of Wood et al.



Calculation of Τ2* (16 echoes)

y = Ae-TE/T2*
T2* = 3,65 msec
[Fe] = 7.2 mg/g dwt

y = Ae -TE/T2* + B
T2* = 2.2 msec
[Fe] = 11.7 mg/g dwt

Data acquired with multi-breath 
sequence and small TE values: 
T2* = 2.2 msec, similar to the 
value above



Calculation of Τ2* (8 echoes)

y = Ae-TE/T2*
T2* = 9,4 msec
[Fe] = 2,9 mg/g dwt

y = Ae -TE/T2* + B
T2* = 2,3 msec
[Fe] = 11,2 mg/g dwt



Calculation of Τ2* 

y = Ae-TE/T2* + Β

T2* = 1,25 msec

Single breath-hold sequence,
P-gating, 8 echoes in one breathhold

y = Ae -TE/T2*

T2* = 1,26 msec

Multi-breath single-echo
1 echo/breath-hold



TE for In-Out
At 1.5 Tesla

Alternating 
phase 
sequence

Positive lobe 
only sequence

Out 2.24 2.2 2.2
In 4.47 4.5 5.3
Out 6.71 6.8 8.4
In 8.95 9.1 11.5
Out 11.18 11.4 14.6
In 13.42 13.7 17.7
Out 15.67 16.0 20.8
In 17.89 18.3 23.9
Out 20.13

In 22.37

Out 24.6

In phase-Out of phase in case of fat In phase-Out of phase in case of fat 
infiltrationinfiltration



In phase-Out of phase in case of fat In phase-Out of phase in case of fat 
infiltrationinfiltration



Conclusion

Using the proper pulse sequence,  with appropriate 
for the situation parameters and finally fit the data 
to the right equation in the least-squares-fit 
algorithm we can measure accurately and with high-
repeatability myocardial Τ2* as low as 1,0 msec 
(equivalent to 25.6 mg/g dwt), practically all β-
thalassemic patients. 
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