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Fe-HBED Analogs – A promising class of iron-chelate contrast agents for magnetic 
resonance imaging 
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Chemical Synthesis 

General Procedures.   

Reactions requiring a dry environment  were performed under a nitrogen atmosphere in glassware dried at 
150 °C prior to use; anhydrous solvents were obtained through standard laboratory protocols.  Melting 
points were obtained on an Unimelt TM Thomas Hoover capillary melting point apparatus and are not 
corrected.  Analytical thin-layer chromatography (TLC) was performed on SiO2 60 F-254 plates available 
from Merck using the mobile phase indicated.  Visualization was accomplished by UV irradiation at 254 of 
304 nm, or by staining with one of the following reagents: 5% phosphomolybdic acid hydrate in ethanol 
(PMA), ninhydrin (0.3% w/v in glacial acetic acid/n-butanol 3:97), or vanillin (5% w/v in concentrated 
H2SO4/ethanol 1:99) stain.  Flash chromatography was performed on a CombiFLASH CompanionTM using 4, 
12, 40, or 120 g SiO2 columns or reversed phase C18 columns and eluants were monitored at the 
wavelengths indicated.  Proton and carbon NMR spectra were obtained on Brucker Avance 400 and 500 
MHz NMR spectrometers.  Chemical shifts are reported in parts per million (ppm) against the solvent 
residual of the NMR solvent employed (1).   NMR peak multiplicities are denoted as follows: s (singlet), d 
(doublet), t (triplet), q (quartet), p (pentet), bs (broad singlet), dd (doublet of doublet), tt (triplet of triplet), ddd 
(doublet of doublet of doublet), and m (multiplet). Coupling constants (J) are given in hertz (Hz).  High 
resolution mass spectra (HRMS) were obtained using the indicated ionization mode by the GE Global 
Research Analytical Sciences Laboratory. N,N'-Di(2-hydroxybenzyl)ethylenediamine-N,N'-diacetic acid 
(HBED) ∙ HCl, and Fe-HBED (CAS#16455-61-1) were purchased from commercial vendors.  N,N'-Di(2-
hydroxy-5-sulfobenzyl)ethylenediamine-N,N'-diacetic acid (SHBED) was synthesized in accordance with 
previously published procedures.(2) 

Compounds Fe-1 and Fe-2 

A solution of FeCl3·6 H2O (1.1 eq.) was added to a mixture of the metal free ligand (HBED (1) or SHBED 2) in 
water (~0.1 M)   The reaction mixture was stirred until a homogeneous or nearly homogeneous solution 
was formed.  The pH of the solution was adjusted to ~5 by adding N-methyl-D-glucamine.  The resulting 
precipitate was collected by centrifugation, washed with water, and subsequently resuspended in water.  
Following this, N-methyl-D-glucamine was added to adjust the pH of the solution to 9 yielding the 
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compounds Fe-1 or Fe-2 as homogeneous red solutions.  The solutions were assayed for total Fe 
concentration, and measurements of r1 and r2 values were obtained.  The purity and identity of the product 
was further confirmed by HPLC-MS analysis. 

 

Preparation of ligand HBEDP (3) and iron complex Fe-HBEDP (Fe-3) 

 

Compound 7.  To a solution of  2,2’-(bis (2-hydroxybenzyl) ethylene diamine 6 (0.25 g, 0.92 mmol) in 5 
milliliters (mL) of anhydrous tetrahydrofuran (THF) at 0 °C was added triethylamine (TEA) (0.63 mL, 4.6 mmol) 
followed by the addition of 0.23 mL (2.0 mmol) of trimethylsilyl chloride (TMSCl).  The reaction mixture was 
stirred for 30 minutes.  A solution of phosphonomethyltriflate (0.67 gram, 2.0 mmol) in 1 mL of THF was 
added to the reaction mixture.  The reaction mixture was stirred overnight, slowly warming to room 
temperature over this time.  The mixture was poured into saturated aqueous NaHCO3 and diluted with 20 
mL of diethylether (Et2O).  The aqueous and organic layers were separated and the aqueous layer was 
extracted with Et2O (3 x 25 mL).  The combined organic layers were washed with saturated aqueous 
NaHCO3, (2 x 25 mL), and brine (2 x 25 mL), dried over MgSO4 and filtered.  The filtrate was concentrated 
under reduced pressure to provide the crude product as a pale yellow oil.  The crude product was purified 
by flash chromatography on normal phase silica (SiO2, 12g) using the following gradient program at 30 
mL/min: 2% MeOH-CH2Cl2 for 5 column volumes, then ramp to 10% MeOH-CH2Cl2 over 30 column 
volumes, finally holding at 10% MeOH-CH2Cl2 for 5 column volumes.  The column eluant was monitored at 
277 nm and the purified material was pooled and concentrated under reduced pressure to provide 
compound 7 as a colorless oil that was further dried under high vacuum (80 % yield) and analyzed using 
liquid chromatography–mass spectrometry–electrospray ionization (LCMS (ESI)) 595 (M+Na)+. 

Compounds 3 and Fe-3.  To a solution of 7 (0.42 g, 0.74 mmol) in 7.4 mL of dichloromethane was added 
0.78 mL, (5.9 mmol) of TMSBr at room temperature.  The reaction mixture was heated to 75 °C for 120 min 
to allow for clean conversion to the product 3 (HBEDP) as evidenced by LCMS ESI 461 (M+H)+.  The solvent 
was removed under reduced pressure, and the residue was diluted with acetone-H2O (4:1) and stirred 
overnight.  The remaining solvent was removed under reduced pressure and the residue was dissolved in 
water.  Ferric chloride (FeCl3 6H2O, 0.93 equivalents) solution was added to the residue followed by addition 
of 1 molar (M) NaOH to adjust the pH of the solution to 7.4.  The solution was filtered through a Sephadex 
G-10 column to yield a filtrate containing the complex Fe-3 (FE-HBEDP) in which the charge balancing 
counterion Q is believed to be primarily sodium cation.  The filtrate was subsequently assessed for total Fe 

concentration and relaxivity, LCMS (ESI) 513 (M+H)+ max (DI) = 455nm. 
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Preparation of ligand HBEDP-(CH2OH)2 (4) and iron complex Fe-HBEDP-(CH2OH)2 (Fe-4) 

 

Compound 9.   To ethylenediamine (126 µL, 1.88 mmol) in  (5 mL) was added triethylamine (TEA) (654 µL, 
4.69 mmol) followed by MgSO4 (903 mg, 7.5 mmol) and the resultant mixture was stirred for 1.5 h at room 
temperature. The aldehyde 8 (721 mg, 3.75 mmol) in CH2Cl2 (3 mL) was then added and the reaction 
mixture was stirred overnight.  The reaction mixture was filtered and then concentrated under reduced 
pressure to provide the crude bisimine 9 containing a small quantity of unreacted aldehyde.  The 
conversion of aldehyde to imine was confirmed by NMR spectroscopy:  1H NMR (CD2Cl2, 400 MHz) δ 1.54 
(s, 12H), 3.94 (s, 4H), 4.87 (s, 4H), 6.92 (t, J = 8 Hz, 2H), 7.05 (d, J = 8 Hz, 2H), 7.82 (d, J = 8 Hz, 2H), and 8.64 (s, 
2H). 

Compound 10.  To a solution of  bisimine 9 (700 mg, 1.71 mmol) in dichloromethane (6.8 mL) and methanol 
(1.7 mL) at 0 ºC was added NaBH4 (259 mg, 6.85 mmol). The reaction mixture was allowed to stir overnight 
while slowly warming to room temperature and was then diluted with saturated aqueous Na2CO3. The 
aqueous and organic layers were separated.  The aqueous layer was extracted with CH2Cl2 (3 x 25 mL).  
The combined organic layers were washed with saturated aqueous NaHCO3 (2 x 25 mL) and brine (2 x 25 
mL), dried over Na2SO4 and filtered.  The filtrate was concentrated under reduced pressure to provide the 
crude product 10 as a pale yellow oil.  The crude product 10 was purified by flash chromatography on 
normal phase silica gel (40 gram column) using the following gradient program at 40 mL/min: 100% CH2Cl2 
containing 0.5% triethylamine (TEA) for 3 column volumes, then ramp to 5% MeOH-CH2Cl2 each containing 
0.5% TEA over 20 column volumes, finally holding at 5% MeOH-CH2Cl2 each containing 0.5% TEA for 5 
column volumes.  The column eluant was monitored at 285 nm and fractions containing the purified 
material were combined, concentrated under reduced pressure and dried under high vacuum to yield the 
purified compound 10 as a colorless oil.  The purified compound 10 was analyzed by NMR spectroscopy 
and mass spectrometry.  1H NMR (CD2Cl2, 400 MHz) δ 1.57 (s, 12H), 1.86 (br s, 2H), 2.73 (s, 4H), 3.78 (s, 4H), 
4.88 (s, 4H), 6.88-6.94 (m, 4H), and 7.19 (m, 2H); m/z =  414 [M+H]+.  

Compound 11.  To a solution of diamine compound 10 (486 mg, 1.18 mmol) in anhydrous THF (12 mL) at 0 

ºC was added TEA (658 L, 4.72 mmol) followed by dropwise addition of (diethoxyphosphoryl)methyl 
trifluoromethanesulfonate (1.08 g, 3.60 mmol).  The reaction mixture was allowed to warm to room 
temperature and stirred overnight.  The reaction mixture was then quenched with saturated aqueous 
NaHCO3.  The aqueous and organic layers were separated and the aqueous layer was extracted with 
CH2Cl2 (3 x 25 mL).  The combined organic layers were washed with saturated aqueous NaHCO3 (2 x 25 mL) 
and brine (2 x 25 mL), dried over Na2SO4 and filtered.  The filtrate was concentrated under reduced 
pressure to provide the crude product as a pale yellow oil which was purified by flash chromatography on 
normal phase silica gel (40 gram column) using the following gradient program at 40 mL/min: ramp from 
hexanes containing 0.5% TEA to 75% EtOAc-hexanes each containing 0.5% TEA over 2 column volumes, 
then ramp to 95% EtOAc-hexanes each containing 0.5% TEA over 13 column volumes, finally holding at 



 Supplemental Information for Fe-HBED Analogs 

Page 4 of 9 

95% EtOAc-hexanes each containing 0.5% TEA for 10 column volumes.  The column eluant was monitored 
at 285 nm and fractions containing the purified material were combined and concentrated under reduced 
pressure to yield purified compound 11 as a colorless oil after drying under high vacuum.  The structure of 
compound 11 was confirmed by NMR spectroscopy and LCMS.  1H NMR (CD2Cl2, 400 MHz) δ 1.29 (t, J = 8 Hz, 
12H), 1.53 (s, 12H), 2.87 (s, 4H), 2.94 (d, J = 8 Hz, 4H), 3.75 (s, 4H), 4.03-4.12 (m, 8H), 4.85 (s, 4H), 6.86-6.91 (m, 
4H), and 7.30 (d, J = 8 Hz, 2H); LCMS m/z = 714 [M+H]+, 736 [M+Na]+. 

Compound 4 (HBED-(CH2OH)2).  To a stirred solution of compound 11 (157 mg, 0.22 mmol) in of anhydrous 
CH2Cl2 (7.0 mL) and  anhydrous CH3CN (7.0 mL) was added bromotrimethylsilane (0.40 mL, 3.09 mmol) at 

room temperature.  The reaction mixture was then heated at 50 C for 30 hours.  The solvent was removed 
under reduced pressure and the residue was stirred overnight in an acetone:water mixture (4:1 v/v) at 
room temperature.  The resulting suspension was subjected to centrifugation and the precipitate was 
washed with water and acetone to afford ligand 4 as a colorless solid which was used immediately to 
prepare Fe-4 as described below. 

Compound Fe-4 (Fe-HBED-(CH2OH)2).  Ligand 4 prepared as described above, was suspended in 3 mL of 

water H2O was stirred at 50 C  and progress of the reaction was monitored by LCMS.  Upon completion of 
the reaction, the pH of the reaction mixture was adjusted to 5 by the addition of N- methyl-D-glucamine.  
Iron complex Fe-4 was obtained as a precipitate which was collected by centrifugation, washed twice with 
water, and then resuspended in water.  Additional N-methyl-D-glucamine was then added to adjust the pH 

to 9.  The resulting red solution was filtered through a 0.1 m syringe filter and analyzed by LCMS to 

confirm the presence of Fe-4, m/z = 572 [M]+ , max (DI) = 465nm. 

Preparation of iron complex Fe-HBEDP-(CH2OH)3 (Fe-5) 

 

Compound 12.   Thionyl chloride (31.7 g, 266.8 mmol) was added drop wise to a stirred suspension of 2,3-
diaminopropionic acid monohydrochloride (5.0 g, 35.6 mmol) in MeOH (75 mL) over a period of 5 min.  The 
reaction mixture was heated to 80 °C for 6 h.  The reaction mixture was then cooled and the volatiles were 
removed under reduced pressure to obtain compound 7 (6.8g, 100%) as an off-white solid. 1H NMR (MeOD): 

 4.51(m, 1H),  3.96 (s, 3H),  3.53 (m, 2H). 

Compoune 13.  To a suspension of the diamine compound 12 (1.00 g, 5.2 mmol) in CH2Cl2 (15 mL) at room 
temperature was added TEA (3.3mL, 23.6 mmol) and MgSO4 (2.5 g, 20.9 mmol).  The reaction mixture was 
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stirred for 1.5 h at room temperature and then a solution of the aldehyde 8 (2.0 g, 10.6 mmol) in CH2Cl2 (6 
mL) was added to the reaction mixture.  The reaction mixture was stirred overnight.  Following this time, 
the reaction was filtered and concentrated under reduced pressure to provide the bisimine 8 which was 
analyzed by NMR to confirm the presence of the desired imine protons at δ 8.71 and 8.69 ppm. 

Compound 14.  To a stirred solution of compound 13 (2.4 g, 5.2 mmol) in CH2Cl2 (21 mL) at 0 ºC was added 
a solution of NaBH4 (1.2 g, 31.9 mmol) in MeOH (5.3 mL) via an additional funnel.  The reaction mixture was 
allowed to slowly warm to room temperature with stirring overnight.  The reaction mixture was quenched 
with 25 mL of saturated aqueous K2CO3.  The aqueous layer and the organic layers were separated.  The 
aqueous layer was extracted with CH2Cl2 (3 x 25 mL) and the combined organic layers were washed with 
saturated aqueous NaHCO3, (2 x 25 mL), and brine (2 x 25 mL), dried over MgSO4  and filtered.  The filtrate  
was concentrated under reduced pressure to provide the crude product, compound 14, as a pale yellow oil 
which was purified by flash chromatography on normal phase silica gel (40 gram column)  using the 
following gradient program at 60 mL/min: 100% CH2Cl2 + 0.5% TEA for 3 column volumes, then ramp to 5% 
MeOH-CH2Cl2 + 0.5% TEA over 20 column volumes, finally holding at 5% MeOH-CH2Cl2 + 0.5% TEA for 5 
column volumes.  The column eluant was monitored at 285 nm and the fractions containing the purified 
material were pooled and concentrated under reduced pressure.  The purified diamine compound 14 was 
obtained as a colorless oil that was further dried under high vacuum and analyzed by LCMS (ESI) 443 
[M+H]+. 

Compound 15.  To a solution of the diamine compound 14 (0.95 g, 2.15 mmol) in anhydrous CH2Cl2 (21.5 
mL) was added imidazole (0.6 g, 8.62 mmol) and tert-butyldimethylsilyl chloride (0.66 g, 4.3 mmol).  The 
reaction mixture was stirred for 16 h at room temperature and then quenched with saturated aqueous 
NaHCO3 (25 mL).  The aqueous and organic layers were separated and the aqueous layer was extracted 
with CH2Cl2 (3 x 25 mL).  The combined organic layers were washed with saturated aqueous NaHCO3, (2 x 
25 mL), and brine, dried over MgSO4 and filtered.  The filtrate was concentrated under reduced pressure to 
provide the crude product 15 as a oil which was purified by flash chromatography on normal phase silica 
gel (40 gram column) using the following gradient program at 40 mL/min: 100% CH2Cl2 + 0.5% TEA for 2 
column volumes, then ramp to 10% MeOH-CH2Cl2 + 0.5% triethylamine over 20 column volumes, finally 
holding at 10% MeOH-CH2Cl2 + 0.5% triethylamine for 4 column volumes.  The column eluant was 
monitored at 285 nm and fractions containing the purified material were pooled and concentrated under 
reduced pressure to yield purified tert-butyldimethylsilyl ether 15 as a colorless oil (1.11 g, 2.0 mmol, 93%) 
which  was further dried under high vacuum and then analyzed by LCMS (ESI) 558 (M+H)+. 

Compound 16.  The diamine compound 15 (1.11 g, 1.99 mmol) was dissolved in a solution containing  
triethylphosphite (25 mL, 146 mmol) and CHCl3 (10 mL).  Paraformaldehyde (0.5 g) was added to the 
reaction mixture and the mixture was heated and maintained at a temperature of 35 ºC for 4 days. At the 
end of the stipulated time, the reaction mixture was checked by LCMS, which indicated that the reaction 
had not proceeded to completion.  An aliquot (1 mL) from the reaction mixture was added to a microwave 
reaction vessel followed by addition of paraformaldehyde 100 mg.  The mixture was subjected to 
microwave irradiation for 10 min at 85 ºC.  Following the microwave irradiation, an additional portion of 
paraformaldehyde (100 mg) was added and the mixture was heated for 20 min at a temperature of 85 ºC 
in the microwave.  LCMS analysis of the reaction mixture, indicated further conversion to the product 16.  

Heating the aliquot for an additional  60 minutes at 100C  under microwave irradiation resulted in 
complete conversion to product.  The remainder of the reaction mixture was divided between 5 microwave 
tubes and each of the tubes was treated with paraformaldehyde (500 mg) and  subjected to microwave 
heating at a temperature of 100 ºC for 90 minutes to provide good conversion to the product 16.  The 
tubes were pooled and concentrated under reduced pressure.  The residue was co-evaporated with three 
portions of ethanol and placed under high vacuum overnight.  The crude product was purified by flash 
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chromatography on normal phase silica gel (120 gram column) using the following gradient program at 80 
mL/min: 88% EtOAc-hexanes + 0.5% TEA for 20 column volumes.  The column eluant was monitored at 277 
nm and the fractions containing the purified material were pooled and concentrated under reduced 
pressure.  The purified compound 16 was obtained as a colorless oil that was dried under high vacuum, 
and analyzed by LCMS (ESI) 857 [M+H]+, 879 [M+Na]+. 

Compound 17.  To a stirred solution of 16 (0.26 g, 0.30 mmol) in CH2Cl2 (3.0 mL) at room temperature was 
added bromotrimethylsilane (0.20 mL, 1.5 mmol).  The reaction mixture was stirred at room temperature 
and the progress of the reaction was monitored by LCMS.  After 18 hours the reaction was deemed to be 
complete, the major product being bisphosphonic acid 17 which was free of the bisphosphonate starting 
material 16.  The solvent was evaporated under reduced pressure and the residue further dried under high 
vacuum for 15 min to provide a colorless foam comprising the bisphosphonic acid 17  and lesser amounts 
of compounds in which acetonide(s) and/or silyl group were deprotected.  This crude product mixture was 
used directly to prepare iron complex Fe-5. 

Compound Fe-5.  Crude reaction product containing 17 was dissolved in dioxane (1 mL); to this was added 
FeCl3 hexahydrate (88 mg, 0.26 mmol) in water (1 mL) and then 4M HCl in dioxane (1 mL, 4 mmol).  The 
reaction mixture was stirred at room temperature and progress of the reaction was monitored by LCMS.  
The reaction appeared to be complete after 2.5 hours.  The reaction mixture was then quenched with 
excess saturated aqueous NaHCO3 and diluted with CH2Cl2.  The aqueous layer and the organic layers 
were separated.  The aqueous layer (pH ~8) containing the product iron complex Fe-5 was extracted with 
CH2Cl2 (2 x 20 mL) and was then filtered through a sintered glass funnel and further concentrated under 
reduced pressure to remove trace volatiles.  Iron complex Fe-5 was obtained as a deep red solution 
(approximately 30 mL) which was filtered through a 30000 MWCO filter and analyzed by LCMS (ESI) 602 (M-

H)-, max (DI) = 466nm. 

 

 

 

 

Imaging Data 
Imaging data collected in this study is shown is shown in the attached spreadsheet (Imaging data 
Supplemental Material FeHBED analogs.xls).  Each table row represents the data collected from a single 
animal, grouped by the agent that was administered.  Empty cells represent values that were not collected 
for the specific animal, typically because an acceptable image slice was not acquired. 

Signal enhancement (SE) for a tissue is calculated by dividing the MRI signal at 5 m post injection by the 
MRI signal pre-injection.  SE for the kidney cortex is taken from the kidney cortex. The statistics to support 
statements in the manuscript are presented below 

Naïve model 

Kidney Cortex 
Test for equal variances.  Kidney cortex SE in the naive 
model for three CAs (Fe-1, Fe-2 and Gd-1) may be assumed 
to have equal variances; the pooled standard deviation was 
used for ANOVA. 

Tests 

Method 

Test 

Statistic P-Value 

Multiple comparisons — 0.828 

Levene 0.13 0.879 
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ANOVA .  An ANOVA shows that the SE in the kidney cortex provided by Gd-1 is greater than either Fe-1 or 
Fe-2 (p < 0.05). 

Grouping via Tukey Method and 95% Confidence 

Agent ID N Mean Grouping 

Gd-1 6 1.44 A    

Fe-2 7 1.23    B 

Fe-1 3 1.17    B 
 

Tukey Simultaneous Tests for Differences of Means 

Difference 

of Levels 

Difference 

of Means 

Adjusted 

P-Value 

Fe-2 - Fe-1 0.07 0.74 

Gd-1 - Fe-1 0.28 0.03 

Gd-1 - Fe-2 0.21 0.04 

Individual confidence level = 97.95% 

Liver 
Test for equal variances.  Liver SE in the naive model for 
three CAs (Fe-1, Fe-2 and Gd-1) may be assumed to have 
equal variances; the pooled standard deviation was used for 
ANOVA. 

Tests 

Method 

Test 

Statistic P-Value 

Multiple comparisons — 0.676 

Levene 0.413 0.671 
 

ANOVA.  An ANOVA shows that the liver SE in the naïve model provided by Fe-1 is greater than either Gd-1 
or Fe-2; the difference is highly significant, p<0.0001. 

Grouping via Tukey Method and 95% Confidence 

Agent ID N Mean Grouping 

Fe-1 3 1.49 A    

Gd-1 6 1.06    B 

Fe-2 7 1.02    B 
 

Tukey Simultaneous Tests for Differences of Means 

Difference 

of Levels 

Difference 

of Means 

Adjusted 

P-Value 

Fe-2 - Fe-1 -0.47 0.00002 

Gd-1 - Fe-1 -0.43 0.00005 

Gd-1 - Fe-2 0.03 0.81116 

Individual confidence level = 97.95% 

Tumor model 

Kidney cortex 
Test for equal variances.  Kidney cortex SE in the tumor 
model for five CAs (Fe-2, Fe-3, Fe-4, Fe-5 and Gd-1) may be 
assumed to have equal variances; the pooled standard 
deviation was used for ANOVA. 

Tests 

Method 

Test 

Statistic P-Value 

Multiple comparisons — 0.827 

Levene 0.13 0.752 
 

ANOVA.  An ANOVA shows that kidney cortex SE in the tumor model afforded by Gd-1, Fe-3, Fe-4 and Fe-5 
are equivalent (p > 0.18).  Kidney cortex SE from Gd-1 and Fe-3 is greater than Fe-2 (p ≤ 0.5). 

Grouping via Tukey Method and 95% Confidence 

Agent ID N Mean Grouping 

Gd-1 8 1.51 A    

Fe-3 9 1.46 A    

Fe-4 4 1.34 A B 

Fe-5 5 1.29 A B 

Fe-2 4 1.16    B 

Pooled Standard Deviation = 0.13 

Tukey Simultaneous Tests for Differences of Means 

Difference 

of Levels 

Difference 

of Means 

Adjusted 

P-Value 

Fe-3 - Fe-2 0.29 0.007 

Fe-4 - Fe-2 0.18 0.326 

Fe-5 - Fe-2 0.13 0.587 

Gd-1 - Fe-2 0.34 0.002 

Fe-4 - Fe-3 -0.12 0.578 

Fe-5 - Fe-3 -0.16 0.183 

Gd-1 - Fe-3 0.05 0.923 

Fe-5 - Fe-4 -0.05 0.979 

Gd-1 - Fe-4 0.17 0.246 

Gd-1 - Fe-5 0.22 0.050 

Individual confidence level = 99.29% 
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Liver 
Test for equal variances.  Liver SE in the tumor model for 
five CAs (Fe-2, Fe-3, Fe-4, Fe-5 and Gd-1) may be assumed 
to have equal variances; the pooled standard deviation was 
used for ANOVA. 

Tests 

Method 

Test 

Statistic P-Value 

Multiple comparisons — 0.641 

Levene 0.92 0.467 
 

ANOVA.  An ANOVA shows that the liver SE in the tumor model provided by Fe-3 is greater than Fe-2 (p = 
0.006), differences in SE between other pairs are not significant (p > 0.083). 

Grouping via Tukey Method and 95% Confidence 

Agent ID N Mean Grouping 

Fe-3 10 1.30 A    

Gd-1 8 1.13 A B 

Fe-5 5 1.09 A B 

Fe-4 4 1.06 A B 

Fe-2 5 0.98    B 

Pooled Standard Deviation = 0.15 

 

Tukey Simultaneous Tests for Differences of Means 

Difference 

of Levels 

Difference 

of Means 

Adjusted 

P-Value 

Fe-3 - Fe-2 0.32 0.006 

Fe-4 - Fe-2 0.08 0.940 

Fe-5 - Fe-2 0.10 0.814 

Gd-1 - Fe-2 0.15 0.425 

Fe-4 - Fe-3 -0.24 0.083 

Fe-5 - Fe-3 -0.21 0.103 

Gd-1 - Fe-3 -0.17 0.169 

Fe-5 - Fe-4 0.03 0.999 

Gd-1 - Fe-4 0.07 0.931 

Gd-1 - Fe-5 0.05 0.982 

Individual confidence level = 99.30% 

Tumor 
Test for equal variances.  Tumor SE in the tumor model for 
five CAs (Fe-2, Fe-3, Fe-4, Fe-5 and Gd-1) may be assumed 
to have equal variances; the pooled standard deviation was 
used for ANOVA. 

Tests 

Method 

Test 

Statistic P-Value 

Multiple comparisons — 0.442 

Levene 1.05 0.399 
 

ANOVA.  An ANOVA shows that the SE in the tumor afforded by Gd-1 is greater than all the iron agents 
evaluated in the tumor model (p < 0.0005).  The iron agents were equivalent to each other (p > 0.06). 

Grouping via Tukey Method and 95% Confidence 

Agent ID N Mean Grouping 

Gd-1 8 1.82 A    

Fe-3 10 1.41    B 

Fe-5 5 1.29    B 

Fe-4 6 1.26    B 

Fe-2 5 1.15    B 

Pooled Standard Deviation = 0.17 

 

Tukey Simultaneous Tests for Differences of Means 

Difference 

of Levels 

Difference 

of Means 

Adjusted 

P-Value 

Fe-3 - Fe-2 0.26 0.0637 

Fe-4 - Fe-2 0.12 0.7972 

Fe-5 - Fe-2 0.14 0.6830 

Gd-1 - Fe-2 0.68 0.0000 

Fe-4 - Fe-3 -0.15 0.4740 

Fe-5 - Fe-3 -0.12 0.7075 

Gd-1 - Fe-3 0.41 0.0002 

Fe-5 - Fe-4 0.03 0.9989 

Gd-1 - Fe-4 0.56 0.0000 

Gd-1 - Fe-5 0.53 0.0001 

Individual confidence level = 99.31% 
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ImagingData

								Left Kidney Cortex										Left Kidney Medulla										Liver										Muscle										Tumor, Non-necrotic portion										Tumor, Necrotic Portion

		Model		Agent		Agent ID		Pre		5 min		10 min		15 min		30 min		Pre		5 min		10 min		15 min		30 min		Pre		5 min		10 min		15 min		30 min		Pre		5 min		10 min		15 min		30 min		Pre		5 min		10 min		15 min		30 min		Pre		5 min		10 min		15 min		30 min

		naive		FeHBED		Fe-1		0.711		0.739		0.725		0.711		0.718		0.581		0.619		0.629		0.638		0.667		0.642		0.970		0.942		0.924		0.907

		naive		FeHBED		Fe-1		0.638		0.827		0.835		0.913		0.863		0.526		0.689		0.705		0.767		0.733		0.686		0.960		0.936		0.985		0.895

		naive		FeHBED		Fe-1		0.620		0.719		0.687		0.671		0.649		0.537		0.603		0.600		0.633		0.633		0.648		1.010		1.038		1.002		0.947

		naive		FeSHBED 		Fe-2		0.647		0.752		0.760		0.775		0.769		0.507		0.772		0.764		0.778		0.786		0.637		0.607		0.619		0.617		0.607

		naive		FeSHBED 		Fe-2		0.587		0.759		0.763		0.767		0.795		0.471		0.765		0.720		0.724		0.758		0.593		0.663		0.675		0.669		0.651

		naive		FeSHBED 		Fe-2		0.546		0.785		0.796		0.833		0.840		0.484		0.802		0.796		0.824		0.851		0.593		0.611		0.636		0.672		0.644

		naive		FeSHBED 		Fe-2		0.583		0.676		0.679		0.674		0.707		0.527		0.709		0.700		0.675		0.690		0.629		0.633		0.627		0.632		0.604

		naive		FeSHBED 		Fe-2		0.649		0.737		0.757		0.759		0.791		0.525		0.749		0.784		0.795		0.834		0.659		0.634		0.648		0.651		0.636

		naive		FeSHBED 		Fe-2		0.608		0.774		0.790		0.778		0.812		0.505		0.799		0.850		0.856		0.863		0.598		0.666		0.701		0.700		0.710

		naive		FeSHBED 		Fe-2		0.660		0.778		0.806		0.791		0.785		0.571		0.753		0.796		0.779		0.767		0.662		0.651		0.665		0.657		0.631

		naive		gadopentetate dimeglumine		Gd-1		0.364		0.574		0.549		0.538		0.522		0.295		0.646		0.629		0.619		0.589		0.445		0.513		0.505		0.511		0.517

		naive		gadopentetate dimeglumine		Gd-1		0.455		0.598		0.586		0.563		0.527		0.353		0.652		0.621		0.604		0.526		0.513		0.537		0.535		0.539		0.534

		naive		gadopentetate dimeglumine		Gd-1		0.450		0.525		0.489		0.465		0.435		0.358		0.583		0.540		0.504		0.459		0.594		0.499		0.482		0.483		0.473

		naive		gadopentetate dimeglumine		Gd-1		0.356		0.554		0.550		0.514		0.502		0.297		0.615		0.610		0.554		0.540		0.365		0.406		0.411		0.394		0.403

		naive		gadopentetate dimeglumine		Gd-1		0.351		0.536		0.519		0.522		0.513		0.282		0.589		0.576		0.572		0.550		0.361		0.375		0.377		0.374		0.366

		naive		gadopentetate dimeglumine		Gd-1		0.362		0.551		0.526		0.515		0.533		0.288		0.575		0.564		0.505		0.512		0.334		0.383		0.386		0.384		0.379

		tumor		FeSHBED 		Fe-2		0.661		0.841		0.930		0.891		0.807		0.532		0.751		0.890		0.844		0.797		0.720		0.676		0.711		0.672		0.656		0.527		0.577		0.579		0.583		0.587		0.543		0.694		0.695		0.696		0.694		0.490		0.625		0.645		0.665		0.700

		tumor		FeSHBED 		Fe-2		0.758		0.844		0.818		0.765		0.711		0.560		0.878		0.830		0.798		0.724		0.842		0.882		0.834		0.832		0.804		0.512		0.544		0.494		0.514		0.509		0.531		0.606		0.597		0.586		0.576

		tumor		FeSHBED 		Fe-2		0.708		0.837		0.829		0.824		0.804		0.568		0.760		0.794		0.793		0.778		0.884		0.742		0.765		0.718		0.718		0.529		0.549		0.555		0.543		0.569		0.497		0.563		0.572		0.570		0.576

		tumor		FeSHBED 		Fe-2		0.649		0.706		0.738		0.718		0.742		0.559		0.655		0.718		0.708		0.748		0.651		0.687		0.676		0.700		0.698		0.516		0.532		0.547		0.552		0.562		0.488		0.512		0.537		0.548		0.564		0.429		0.500		0.481		0.489		0.482

		tumor		FeSHBED 		Fe-2				0.818		0.863		0.912		0.937				0.788		0.889		0.960		1.058		0.780		0.806		0.824		0.831		0.860		0.521		0.551		0.582		0.562		0.599		0.520		0.596		0.650		0.643		0.707

		tumor		FeHBEDP 		Fe-3		0.405		0.526		0.508		0.492		0.449		0.278		0.529		0.483		0.454		0.392		0.389		0.540		0.540		0.520		0.505		0.316		0.297		0.297		0.297		0.296		0.314		0.377		0.376		0.369		0.347		0.272		0.328		0.350		0.364		0.376

		tumor		FeHBEDP 		Fe-3		0.367		0.512		0.514		0.474		0.457		0.350		0.538		0.515		0.466		0.482		0.370		0.520		0.491		0.490		0.460		0.312		0.297		0.306		0.299		0.298		0.316		0.400		0.407		0.387		0.363		0.302		0.328		0.407		0.402		0.390

		tumor		FeHBEDP 		Fe-3		0.408		0.499		0.492		0.466		0.440		0.333		0.527		0.503		0.453		0.421		0.357		0.520		0.498		0.485		0.463		0.297		0.305		0.298		0.298		0.291		0.295		0.407		0.386		0.379		0.360		0.277		0.326		0.349		0.361		0.372

		tumor		FeHBEDP 		Fe-3		0.343		0.496		0.547		0.481		0.523		0.294		0.515		0.584		0.501		0.576		0.444		0.482		0.471		0.433		0.448		0.302		0.307		0.314		0.308		0.316		0.325		0.358		0.373		0.373		0.376		0.311		0.301		0.345		0.363		0.402

		tumor		FeHBEDP 		Fe-3		0.386										0.290										0.457		0.538		0.530		0.507		0.517		0.328		0.337		0.333		0.335		0.342		0.333		0.495		0.496		0.492		0.492		0.325		0.393		0.427		0.450		0.497

		tumor		FeHBEDP 		Fe-3		0.351		0.552		0.543		0.561		0.538		0.283		0.535		0.508		0.533		0.500		0.459		0.559		0.541		0.564		0.498		0.301		0.388		0.391		0.386		0.386		0.293		0.557		0.582		0.576		0.591		0.281		0.422		0.507		0.548		0.577

		tumor		FeHBEDP 		Fe-3		0.350		0.553		0.555		0.539		0.514		0.318		0.556		0.645		0.609		0.527		0.442		0.493		0.491		0.516		0.538		0.269		0.340		0.339		0.340		0.330		0.291		0.450		0.447		0.438		0.400		0.284		0.341		0.382		0.404		0.430

		tumor		FeHBEDP 		Fe-3		0.389		0.534		0.551		0.522		0.478		0.330		0.557		0.551		0.538		0.482		0.336		0.525		0.533		0.537		0.570		0.311		0.318		0.319		0.318		0.320		0.295		0.418		0.414		0.407		0.379		0.283		0.322		0.337		0.348		0.365

		tumor		FeHBEDP 		Fe-3		0.376		0.624		0.604		0.537		0.547		0.299		0.594		0.612		0.537		0.532		0.382		0.516		0.494		0.473		0.470		0.285		0.322		0.328		0.304		0.312		0.283		0.390		0.399		0.370		0.377		0.275		0.294		0.324		0.310		0.343

		tumor		FeHBEDP 		Fe-3		0.401		0.626		0.657		0.586		0.609		0.311		0.540		0.621		0.585		0.610		0.367		0.455		0.495		0.487		0.473		0.331		0.356		0.358		0.348		0.347		0.336		0.486		0.477		0.456		0.430		0.318		0.353		0.392		0.420		0.459

		tumor		FeHBEDPOH2 		Fe-4		0.419		0.472		0.462		0.456		0.458		0.309		0.487		0.479		0.460		0.457				0.396		0.393		0.395		0.378		0.316		0.329		0.332		0.332		0.331		0.312		0.402		0.407		0.406		0.394		0.304		0.338		0.368		0.382		0.402

		tumor		FeHBEDPOH2 		Fe-4		0.395		0.542		0.525		0.495		0.472		0.321		0.557		0.567		0.524		0.520		0.390		0.411		0.421		0.408		0.409		0.334		0.318		0.318		0.321		0.323		0.353		0.395		0.392		0.383		0.369		0.330		0.309		0.335		0.347		0.367

		tumor		FeHBEDPOH2 		Fe-4		0.363		0.518		0.494		0.487		0.478		0.297		0.482		0.475		0.466		0.462		0.415		0.372		0.377		0.378		0.374		0.290		0.317		0.321		0.320		0.322		0.286		0.395		0.404		0.399		0.386		0.277		0.332		0.379		0.390		0.405

		tumor		FeHBEDPOH2 		Fe-4		0.320										0.276												0.418		0.373		0.423		0.400		0.329		0.296		0.298		0.298		0.315		0.316		0.372		0.362		0.353		0.355

		tumor		FeHBEDPOH2 		Fe-4				0.532		0.505		0.477		0.486				0.510		0.502		0.465		0.460		0.408		0.437		0.420		0.435		0.453		0.308		0.318		0.322		0.322		0.331		0.302		0.393		0.390		0.376		0.377		0.283		0.305		0.332		0.358		0.379

		tumor		FeHBEDPOH2 		Fe-4		0.328		0.472		0.483		0.485		0.489		0.272		0.541		0.542		0.584		0.567		0.354		0.431		0.461		0.450		0.457		0.295		0.317		0.323		0.323		0.334		0.287		0.379		0.389		0.390		0.395		0.278		0.311		0.339		0.357		0.387

		tumor		FeHBEDPOH3 		Fe-5		0.452		0.543		0.532		0.524		0.532		0.336		0.564		0.551		0.563		0.569		0.542		0.522		0.520		0.534		0.510		0.354		0.384		0.391		0.406		0.415		0.365		0.480		0.475		0.472		0.472		0.344		0.379		0.401		0.422		0.451

		tumor		FeHBEDPOH3 		Fe-5		0.422		0.512		0.526		0.539		0.520		0.341		0.496		0.506		0.519		0.528		0.435		0.390		0.403		0.430		0.371		0.371		0.365		0.372		0.376		0.392		0.367		0.414		0.420		0.427		0.440		0.343		0.383		0.407		0.412		0.453

		tumor		FeHBEDPOH3 		Fe-5		0.380		0.536		0.549		0.517		0.529		0.318		0.524		0.516		0.501		0.525		0.405		0.438		0.422		0.434		0.427		0.306		0.330		0.323		0.318		0.322		0.289		0.404		0.408		0.404		0.410		0.269		0.328		0.358		0.385		0.441

		tumor		FeHBEDPOH3 		Fe-5		0.358		0.441		0.469		0.455		0.436		0.297		0.432		0.460		0.455		0.431		0.367		0.484		0.460		0.462		0.428		0.283		0.359		0.367		0.369		0.365		0.276		0.427		0.435		0.434		0.419		0.257		0.339		0.374		0.384		0.408

		tumor		FeHBEDPOH3 		Fe-5		0.356		0.500		0.504		0.470		0.508		0.295		0.514		0.522		0.506		0.547		0.371		0.433		0.459		0.439		0.459		0.330		0.292		0.290		0.294		0.295		0.322		0.344		0.341		0.341		0.330

		tumor		gadopentetate dimeglumine		Gd-1		0.431		0.594		0.536		0.519		0.470		0.321		0.502		0.609		0.597		0.522		0.423		0.473		0.442		0.423		0.423		0.310		0.364		0.341		0.315		0.300		0.315		0.535		0.503		0.457		0.396		0.310		0.444		0.524		0.519		0.493

		tumor		gadopentetate dimeglumine		Gd-1		0.368		0.522		0.494		0.462		0.418		0.272		0.607		0.614		0.591		0.462		0.477		0.433		0.398		0.406		0.393		0.280		0.395		0.376		0.369		0.354		0.272		0.527		0.490		0.456		0.418		0.254		0.392		0.420		0.437		0.435

		tumor		gadopentetate dimeglumine		Gd-1		0.367		0.526		0.524		0.491		0.399		0.338		0.434		0.459		0.488		0.478		0.392		0.464		0.449		0.441		0.436		0.332		0.368		0.361		0.357		0.350		0.316		0.582		0.589		0.589		0.575		0.304		0.423		0.485		0.549		0.597

		tumor		gadopentetate dimeglumine		Gd-1		0.413		0.628		0.630		0.618		0.568		0.307		0.628		0.661		0.644		0.611		0.406		0.412		0.414		0.421		0.408		0.297		0.402		0.389		0.380		0.380		0.293		0.570		0.544		0.537		0.516		0.274		0.429		0.518		0.554		0.599

		tumor		gadopentetate dimeglumine		Gd-1		0.383		0.649		0.621		0.609		0.573		0.305		0.595		0.642		0.570		0.553		0.368		0.497		0.492		0.511		0.515		0.280		0.366		0.364		0.349		0.356		0.260		0.542		0.528		0.509		0.487		0.245		0.410		0.464		0.493		0.540

		tumor		gadopentetate dimeglumine		Gd-1		0.397		0.545		0.494		0.400		0.344		0.340		0.517		0.437		0.385		0.283		0.354		0.428		0.428		0.408		0.406		0.280		0.321		0.325		0.320		0.313		0.280		0.503		0.502		0.488		0.473		0.268		0.399		0.435		0.484		0.498

		tumor		gadopentetate dimeglumine		Gd-1		0.361		0.609		0.584		0.540		0.566		0.281		0.576		0.503		0.572		0.587		0.359		0.483		0.506		0.503		0.459		0.292		0.345		0.349		0.337		0.336		0.294		0.513		0.516		0.504		0.495		0.286		0.419		0.490		0.506		0.560

		tumor		gadopentetate dimeglumine		Gd-1		0.372		0.583		0.575		0.569		0.513		0.277		0.549		0.563		0.570		0.505		0.469		0.440		0.449		0.440		0.413		0.330		0.390		0.397		0.377		0.370		0.327		0.507		0.505		0.500		0.476		0.304		0.403		0.446		0.485		0.526



Imaging data collected in this study is shown is shown in the attached spreadsheet (Imaging data Supplemental Material FeHBED.xls).  Each table row represents the data collected from a single animal, grouped by the agent that was administered.  Empty cells represent values that were not collected for the specific animal, typically because an acceptable image slice was not acquired.  Values in the tumor columns define groups that were tumor-bearing, whereas the first two groups as listed with naïve mice.  All values given have been normalized to a ROI drawn on an external corn-oil-filled phantom within the same slice, and these values were calculated by an automated script. 




