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Purpose: To compare gradient-echo (GRE) phase magnetic resonance 
(MR) imaging and quantitative susceptibility mapping (QSM) 
in the detection of intracranial calcifications and hemorrhages.

Materials and 
Methods:

This retrospective study was approved by the institutional re-
view board. Thirty-eight patients (24 male, 14 female; mean 
age, 33 years 6 16 [standard deviation]) with intracranial 
calcifications and/or hemorrhages diagnosed on the basis of 
computed tomography (CT), MR imaging (interval between 
examinations, 1.78 days 6 1.31), and clinical information 
were selected. GRE and QSM images were reconstructed 
from the same GRE data. Two experienced neuroradiologists 
independently identified the calcifications and hemorrhages 
on the QSM and GRE phase images in two randomized ses-
sions. Sensitivity, specificity, and interobserver agreement 
were computed and compared with the McNemar test and k 
coefficients. Calcification loads and volumes were measured 
to gauge intermodality correlations with CT.

Results: A total of 156 lesions were detected: 62 hemorrhages, 89 
calcifications, and five mixed lesions containing both hem-
orrhage and calcification. Most of these lesions (146 of 151 
lesions, 96.7%) had a dominant sign on QSM images sug-
gestive of a specific diagnosis of hemorrhage or calcium, 
whereas half of these lesions (76 of 151, 50.3%) were het-
erogeneous on GRE phase images and thus were difficult to 
characterize. Averaged over the two independent observers 
for detecting hemorrhages, QSM achieved a sensitivity of 
89.5% and a specificity of 94.5%, which were significantly 
higher than those at GRE phase imaging (71% and 80%, 
respectively; P , .05 for both readers). In the identification 
of calcifications, QSM achieved a sensitivity of 80.5%, which 
was marginally higher than that with GRE phase imaging 
(71%; P = .08 and .10 for the two readers), and a specific-
ity of 93.5%, which was significantly higher than that with 
GRE phase imaging (76.5%; P , .05 for both readers). QSM 
achieved significantly better interobserver agreements than 
GRE phase imaging in the differentiation of hemorrhage 
from calcification (k: 0.91 vs 0.55, respectively; P , .05).

Conclusion: QSM is superior to GRE phase imaging in the differenti-
ation of intracranial calcifications from hemorrhages and 
with regard to the sensitivity and specificity of detecting 
hemorrhages and the specificity of detecting calcifications.
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(13,15,16) and has been suggested 
for differentiating diamagnetic calci-
fications from paramagnetic hemor-
rhages (9,17,18).

We performed this study to com-
pare GRE phase imaging and QSM in 
the detection of intracranial calcifica-
tions and hemorrhages.

Materials and Methods

Patients
Between March and August 2010, 67 
consecutive patients without acute 
hemorrhage who underwent both CT 
and MR imaging examinations within 
1 week at our institution were retro-
spectively enrolled in this institutional 
review board–approved study. Twenty-
nine patients were excluded owing to 
lack of pathologic intracranial calcifi-
cations or hemorrhages (n = 24), poor 
image quality owing to movement (n = 
3), and incomplete data in the picture 
archiving and communication system 
(n = 2). Thus, a subset of 38 patients 
(24 male and 14 female patients aged 
6–75 years [mean age 6 standard 
deviation, 33 years 6 16]) with in-
tracranial pathologic calcifications or 
nonacute hemorrhages (including late 
subacute and chronic hemorrhages 

appropriate treatment for patients af-
fected by both neurocysticercosis and 
hypertension (3).

Currently, magnetic resonance 
(MR) imaging and computed tomogra-
phy (CT) are considered complemen-
tary in the detection of hemorrhages 
and calcifications. In particular, gradi-
ent-echo (GRE) MR imaging is as ac-
curate as CT in the detection of acute 
hemorrhages and more accurate than 
CT in the detection of chronic hem-
orrhages (4); however, calcifications 
may be mistaken for chronic hem-
orrhage on GRE magnitude images 
because both appear hypointense. 
Unfortunately, calcifications also gen-
erate nonspecific signal intensities 
on conventional T1- and T2-weighted 
spin-echo images (5). For these rea-
sons, CT is preferred in the detection 
of calcifications and is widely used in 
clinical practice despite its use of ion-
izing radiation (6).

Recent advances have suggested 
that MR imaging may help differen-
tiate calcifications from hemorrhages 
on the basis of their tissue magnetic 
susceptibilities. Although calcifica-
tions are diamagnetic relative to brain 
parenchyma, most blood-related 
products, such as deoxyhemoglobin 
and hemosiderin, are paramagnetic 
(7). GRE phase imaging has been 
used as a tool for differentiating be-
tween diamagnetic and paramagnetic 
substances (3,8–11). However, field 
inhomogeneity is a convolution of, not 
equal to, the local tissue susceptibility 
property. The appearance of calcifica-
tions and hemorrhages on GRE phase 
images is dependent on field strength, 
echo time, tissue orientation rela-
tive to the main magnetic field, and 
the plane of observation (9,12–14). 
Deconvolution of the field inhomo-
geneity is necessary for quantitative 
mapping of magnetic susceptibility. 
Recently, quantitative susceptibility 
mapping (QSM) has been established 

Hemorrhage and calcification are 
common pathologic components 
of many intracranial diseases. 

Reliable differentiation between hem-
orrhages and calcifications is crucial 
for accurate diagnosis, prognosis, and 
therapy optimization. For example, the 
presence of a hemorrhage may suggest 
a possible stroke, traumatic brain in-
jury, or a malignant tumor, whereas 
the presence of calcifications is sug-
gestive of different diseases, such as 
Sturge-Weber syndrome, tuberous 
sclerosis, neurocysticercosis, or cra-
niopharyngiomas (1,2). The differenti-
ation of intracranial microbleeds from 
multiple calcified cysticercus gran-
ulomas is essential for choosing an 

Implication for Patient Care

 n QSM may enable differentiation 
of intracranial calcifications from 
hemorrhages at MR imaging.

Advances in Knowledge

 n The large majority of lesions con-
taining calcification or hemor-
rhage (146 of 151 lesions, 
96.7%) showed interpretable 
findings at quantitative suscepti-
bility mapping (QSM); approxi-
mately half of these lesions (76 
of 151 lesions, 50.3%) appeared 
difficult to interpret on gradient-
echo (GRE) phase images.

 n Compared with GRE phase im-
aging, QSM provided better sen-
sitivity (71% vs 89.5%, respec-
tively) and specificity (80% vs 
94.5%, respectively) in the de-
tection of hemorrhages (P , 
.05); QSM provided more spe-
cific detection of calcification 
than GRE phase imaging (93.5% 
vs 76.5%, P , .05) and better 
interobserver agreements in the 
differentiation of calcifications 
from hemorrhagic lesions (k: 
0.91 vs 0.55, P , .05).

 n At QSM, lesions with calcification 
appeared diamagnetic when they 
were outside deep brain nuclei 
and either diamagnetic or para-
magnetic when they were in deep 
brain nuclei.

 n QSM provided accurate measure-
ments of volume and total sus-
ceptibility of calcification lesions 
referencing to CT.
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and epilepsy) and results of pathol-
ogy and laboratory examinations 
(eg, enzyme-linked immunosorbent 
assay, hormone and serum electro-
lytes test). Intracranial lesions were 
identified according to the criteria 
listed in Table 1 and on agreement 
between the two readers. Each lesion 
was assessed according to its loca-
tion, cause, and perceived suscepti-
bility on QSM and GRE phase images 
(window level = 0 parts per billion).  
Specifically, lesions with a positive 
value (hyperintense) on QSM images 
and a negative value (hypointense) on 
GRE phase images were interpreted as 
paramagnetic. Lesions with a negative 
value (hypointense) on QSM images 
and a positive value (hyperintense) on 
GRE phase images were interpreted 
as diamagnetic (8,9,11). With incor-
poration of spatial features, images 
were characterized as homogeneously 
paramagnetic, homogeneously dia-
magnetic, primarily paramagnetic 
(ie, paramagnetic lesion with a small 
amount of diamagnetic substance), 
primarily diamagnetic (ie, diamag-
netic lesion with a small amount of 
paramagnetic substance), heteroge-
neous (ie, lesion with approximately 
equal diamagnetic and paramagnetic 
representation), or with no conspicu-
ous magnetic feature.

Diagnostic Accuracy Analysis
The GRE phase and QSM images were 
evaluated in two separate reading ses-
sions (sessions A and B, respectively) 
independently by two additional ra-
diologists (I.K. [reader 3] and A.K. 
[reader 4], both with more than 20 

used in this work, and Y.W. and T.L. 
are listed as inventors on the applica-
tions). The entire reconstruction was 
fully automatic, without any user in-
tervention to eliminate operator bias. 
In particular, GRE phase images were 
generated with the high-pass filtering 
method (19) by using a single echo 
at an echo time of 25.8 msec with a 
filter kernel size of 64. QSM images 
were automatically generated with-
out any user intervention by using the 
morphology-enabled dipole inversion 
method (15,16,20), which took about 
10 minutes to reconstruct for each pa-
tient on a personal computer equipped 
with a 2.4-GHz processer (Intel Core 
i7; Intel, Santa Clara, Calif) and 8-GB 
memory.

CT was performed with a 16-de-
tector CT scanner (Lightspeed VCT; 
GE Healthcare, Milwaukee, Wis)  
with the following parameters: 250 
mAs, 120 kV, 5-mm-thick sections, 
pitch of 1.375:1, and 512 3 512 matrix. 
Data were reconstructed to a 2.5-mm 
section thickness.

Standard of Reference
Two radiologists (W.C. [reader 1] 
and W.Z. [reader 2], with 10 and 
21 years of experience in neuroradi-
ology, respectively) reviewed all im-
ages obtained with both MR imaging 
and CT. The classification of lesions 
as a calcification or hemorrhage was 
based on the evaluation of the CT 
scans, conventional MR images (in-
cluding T1-weighted, T2-weighted, 
and T2*-weighted images), and clin-
ical information, which included 
medical history (eg, onset of stroke 

and microbleeds) were selected. The 
interval between CT and MR imaging 
ranged from 0.5 to 5 days (mean, 1.78 
days 6 1.31). The underlying diseases 
were as follows: vascular malformation 
(n = 14), intracranial neoplasm (n = 
7), neurocysticercosis (n = 6), tuber-
ous sclerosis (n = 1), chronic hemor-
rhages (n = 2), Fahr disease (n = 1), 
hypoparathyroidism with trauma (n = 
1), Sturge-Weber syndrome (n = 1), 
trauma (n = 2), tuberculosis (n = 3), 
and schistosome (n = 2).

Imaging Protocol and Data 
Reconstruction
MR imaging was performed with a 
3.0-T MR system (Signa HDxt; GE 
Healthcare, Waukesha, Wis) by us-
ing an eight-channel head coil and the 
following pulse sequences for each pa-
tient: (a) T1-weighted spin echo, (b) 
T2-weighted fast spin echo, (c) T2-
weighted fluid-attenuated inversion re-
covery, and (d) T2*-weighted spoiled 
multiecho GRE. Imaging parameters 
for the multiecho GRE sequence were 
as follows: flip angle, 20°; repetition 
time, 57 msec; number of echoes, 
eight; first echo time, 5.7 msec; echo 
time spacing, 6.7 msec; bandwidth, 
41.67 kHz; field of view, 24 cm; matrix, 
416 3 320; section thickness, 2 mm; 
parallel imaging acceleration factor, 2; 
and total acquisition time, 6 minutes 
12 seconds.

QSM and GRE phase images were 
both reconstructed from the data 
acquired with the multiecho GRE 
sequence by using in-house software 
implemented in C++ (patents have 
been applied for on QSM technology 

Table 1

Criteria for the Identification of Calcified and/or Hemorrhagic Lesions

Category Criteria

Calcified lesion Hyperattenuation (100 HU) at CT; hyperattenuation (,100 HU) at CT and pathologic proof
Nonacute hemorrhagic lesion (including 

microbleed)
Late subacute and chronic hemorrhages: iso- and/or hypoattenuation at CT and typical appearance at MR imaging  

(T1-weighted, T2-weighted, and T2*-weighted imaging) as described by Huisman (1) and medical history of hemorrhagic 
stroke; microbleeds: invisible at CT and hypointense on T2*-weighted magnitude images and medical history with  
diseases prone to bleeding (eg, hypertension, diabetes) but without diseases related to calcium deposits  
(eg, neurocysticercosis, tuberculosis)

Calcified and hemorrhagic lesion Calcified and hemorrhagic lesions (regions) interconnected into a single lesion
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magnetic on QSM images (Fig 1c
), whereas the remaining 11 (18%) 
appeared primarily paramagnetic with 
a diamagnetic surrounding rim. On 
GRE phase images, 31 of the 62 hem-
orrhages (50%) appeared heteroge-
neous (Fig 1d), whereas 23 (37%) ap-
peared paramagnetic and eight (13%) 
appeared primarily paramagnetic.

The appearance of calcifications 
on QSM and GRE phase images was 
dependent on their locations and 
causes. Of the 70 calcifications out-
side deep brain nuclei region, QSM 
showed 60 lesions (86%) as homo-
geneously diamagnetic (Fig 1c), five 
(7.1%) as primarily diamagnetic with 
a paramagnetic surrounding rim, and 
five (7.1%) with no obvious magnetic 
signs; GRE phase imaging showed 32 
of the 70 lesions (46%) as homoge-
neously or primarily diamagnetic, 32 
(46%) as heterogeneous (Fig 1d), and 
six (8.6%) with no obvious magnetic 
signs. Of the 19 calcifications inside 
deep brain nuclei region that had 
strong paramagnetic backgrounds, 
QSM showed 16 (84%) as homoge-
neously or primarily paramagnetic 
(Fig 2c) and the remaining three 
(16%) as diamagnetic (Fig 3c); GRE 
phase imaging showed 13 (68%) as 
heterogeneous (Fig 2d), two (10%) as 
diamagnetic (Fig 3d), and four (21%) 
as paramagnetic. It was also noted 
that calcifications in metabolic and in-
flammatory diseases showed apparent 
paramagnetism inside the deep brain 
nuclei region but consistent diamag-
netism outside the deep brain nuclei 
region (Fig E1 [online]).

When hemorrhagic and calcified 
lesions were combined (Table 2), QSM 
showed most of these lesions (146 of 
151 lesions, 96.7%) distinctly as homo-
geneously (124 of 151 lesions, 82.1%) 
or primarily (22 of 151 lesions, 14.6%) 
paramagnetic or diamagnetic; GRE 
phase imaging showed about half of 
the lesions (76 of 151 lesions, 50.3%) 
as heterogeneous, making it difficult to 
decide whether they were diamagnetic 
or paramagnetic. There were five le-
sions with both calcifications and hem-
orrhage (Table 2). Although all five 
lesions appeared heterogeneous on 

were obtained by summing over all 
regions of interest in the patient to 
investigate the correlation between 
these quantities. Theoretically, all of 
these values are correlated with the 
total amount of deposited calcium. 
The lesion volumes were also calcu-
lated and compared.

Statistical Analysis
Sensitivities and specificities of using 
perceived susceptibility on GRE phase 
and QSM images to identify hemor-
rhages and calcifications were com-
puted by using estimation methods 
for clustered binary data (21) and 
compared by using the Obuchowski 
adjustment to the McNemar test for 
clustered data (22–24). Interobserver 
agreement was assessed by calculating 
the Cohen k coefficient. Linear regres-
sion was applied to determine the re-
lationship between total CT numbers 
and either total susceptibility or total 
phase values of each patient’s calcified 
regions, and significance was assessed 
with the F test. Log transformation was 
applied to total CT numbers, total sus-
ceptibilities, and total phase values to 
obtain normality for linear regression. 
The paired t test was used to assess 
the significance of difference in volume 
measurement among CT, GRE phase 
imaging, and QSM. These statistical 
analyses were performed with SPSS 
for Windows (version 16.0; SPSS, Chi-
cago, Ill) and SAS for Windows (ver-
sion 9.3; SAS, Cary, NC). P , .05 was 
considered indicative of a statistically 
significant difference.

Results

Appearance of Hemorrhage and 
Calcification at QSM and GRE Phase 
Imaging
A total of 156 intracranial lesions were 
identified with the standard of refer-
ence, of which 62 were hemorrhages, 
89 were calcifications, and five were 
both hemorrhages and calcifications. 
Table 2 summarizes these lesions’ 
magnetic characterizations, locations, 
and causes. Of 62 hemorrhages, 51 
(82%) appeared homogeneously para-

years of experience in neuroradiology) 
who were blinded to the patients’ clin-
ical information and the findings from 
the standard of reference. The session 
order was opposite for the two readers 
(session A was first for I.K. and ses-
sion B was first for A.K.), and the sub-
ject order was randomized within each 
session. To prevent recall bias, the in-
terval between the two sessions was at 
least 4 weeks (4 weeks for I.K. and 5 
weeks for A.K.).

The readers were asked to catego-
rize the individual lesions on the basis 
of perceived susceptibilities. Because 
calcifications in cortical bone, choroid 
plexus, and lesions are diamagnetic, 
whereas hemorrhages are paramag-
netic (3,10,11,13,15), all paramag-
netic lesions were classified as hemor-
rhages and diamagnetic lesions were 
classified as calcifications. Lesions 
with varying signals were classified 
according to their dominant signal 
(.70% in space). Any lesion that did 
not meet the diagnosis criteria listed 
in Table 1 or that had both calcifica-
tion and hemorrhage was excluded to 
avoid ambiguity.

Quantitative Image Analysis
Quantitative analysis was performed 
on CT and MR images. Hemorrhagic 
lesions were excluded because their 
attenuations vary with age and CT is 
insensitive to chronic hemorrhages 
and microbleeds. Calcifications to-
gether with hemorrhages or inside 
deep brain nuclei region were ex-
cluded to avoid the confounding con-
tributions from iron deposition. The 
calcified lesions detectable on both 
QSM and GRE phase images were 
included. One radiologist (W.C.) 
manually defined three-dimensional 
regions of interest by compounding 
two-dimensional lesion boundaries 
drawn on consecutive sections. Total 
susceptibility, total phase value (ad-
justed to 0–2p in each voxel), and 
total CT number were computed for 
each region of interest by summing 
voxel values multiplied by voxel size 
over the lesion volume. Then, the to-
tal susceptibility, total phase value, 
and total CT number for each patient 
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analysis. Table 3 summarizes the sen-
sitivity and specificity of using per-
ceived susceptibility on GRE phase 
and QSM images for lesion identifi-
cation. Averaged over the two inde-
pendent observers for detecting hem-
orrhages, QSM achieved a sensitivity 
of 89.5% and a specificity of 94.5%, 
which were significantly higher than 
those for GRE phase imaging (71% and 
80%, respectively; P , .05 for both 
readers). In the identification of cal-
cifications, QSM achieved a sensitivity 
of 80.5%, which is marginally high-
er than that for GRE phase imaging 

GRE phase images (Fig 4d), three had 
dense calcified regions that could be 
differentiated from the paramagnetic 
hemorrhagic background on QSM im-
ages (Fig 4c).

Diagnostic Accuracy Analysis
Of the 156 intracranial lesions iden-
tified with the standard of reference, 
the five lesions with both calcifications 
and hemorrhages were excluded from 
analysis owing to the small sample 
size. The remaining 151 lesions with 
calcifications or hemorrhages were 
included in the diagnostic accuracy 

Table 2

Appearances of Hemorrhages and Calcifications at QSM and GRE Phase Imaging

Appearance Hemorrhage (n = 62)

Calcifications (n = 89)*

Calcifications and 
Hemorrhages (n = 5)

Congenital/Vascular/ 
Infections/Tumor Inflammatory Metabolic

QSM
 Outside deep brain nuclei
  Diamagnetic 0 40 16 4 0
  Paramagnetic 50 0 0 0 2
  Primarily paramagnetic 10 0 0 0 3
  Primarily diamagnetic 0 5 0 0 0
  Heterogeneous 0 0 0 0 0
  No conspicuous magnetic feature 0 5 0 0 0
 Inside deep brain nuclei
  Diamagnetic 0 3 0 0 0
  Paramagnetic 1 0 2 8 0
  Primarily paramagnetic 1 0 2 4 0
  Primarily diamagnetic 0 0 0 0 0
  Heterogeneous 0 0 0 0 0
  No conspicuous magnetic feature 0 0 0 0 0
GRE phase imaging 0
 Outside deep brain nuclei
  Diamagnetic 0 18 7 1 0
  Paramagnetic 23 0 0 0 0
  Primarily paramagnetic 8 0 0 0 0
  Primarily diamagnetic 0 6 0 0 0
  Heterogeneous 29 21 9 2 5
  No conspicuous magnetic feature 0 5 0 1 0
 Inside deep brain nuclei
  Diamagnetic 0 2 0 0 0
  Paramagnetic 0 0 2 2 0
  Primarily paramagnetic 0 0 0 0 0
  Primarily diamagnetic 0 0 0 0 0
  Heterogeneous 2 1 2 10 0
  No conspicuous magnetic feature 0 0 0 0 0

Note.—Data are numbers of lesions.
* The causes of calcified lesions were classified according to reference 2.

(71%; P = .08 and .10 for the two 
readers), and a specificity of 93.5%, 
which is significantly higher than that 
for GRE phase imaging (76.5%; P , 
.05 for both readers). In the differ-
entiation of hemorrhages from calcifi-
cations, observer agreement was sig-
nificantly better with QSM than with 
GRE phase imaging (k: 0.91 vs 0.55, 
respectively; P , .05).

Quantitative Analysis
Sixty-four calcifications in 26 patients 
were included in the quantitative 
analysis. Linear regression analysis 
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Figure 1

Figure 1: Calcification and hemorrhage outside 
deep brain nuclei in 10-year-old girl with vascular 
disease. Images are reformatted in coronal plane. 
(a) CT scan shows only hyperattenuating calcified 
lesion (arrow) (maximum CT number = 742 HU).  
(b) T2*-weighted MR image shows two hypoin-
tense lesions (arrows), one of which corresponds to 
calcification on a. (c) QSM image distinctly shows a 
diamagnetic lesion (black arrow), which corresponds 
to calcified lesion on a, and a paramagnetic lesion 
(hemorrhage, white arrow). (d) GRE phase image 
shows the two lesions (arrows) with heterogeneous 
appearances, which caused readers 3 and 4 to 
misclassify calcified lesion as hemorrhage.

Figure 2

Figure 2: Calcifications (arrows) and hemorrhages 
(box) in 42-year-old man with hypoparathyroidism 
and 2-week-old traumatic brain injury. (a) CT scan 
shows hyperattenuating calcifications in bilateral 
basal ganglia and choroid plexus and hyperattenuat-
ing hemorrhage (arrowhead) in left frontotemporal 
lobe. The choroid plexus calcifications are consid-
ered physiologic. (b) T2*-weighted MR image shows 
calcifications and hemorrhages indistinctly with hy-
pointense appearances. (c) QSM image shows basal 
ganglia as primarily paramagnetic (hyperintensity 
mixed with hypo- and/or isointensities), the hem-
orrhage as paramagnetic, and the choroid plexus 
calcifications as diamagnetic. (d) GRE phase image 
shows calcifications and hemorrhages indistinctly 
with heterogeneous appearances, causing one 
reader to misclassify hemorrhage as calcification.
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calcification or hemorrhage are un-
ambiguous at QSM but equivocal at 
GRE phase imaging, enabling better 
interobserver agreement with QSM 
than with GRE phase imaging. Fur-
ther, QSM provides better sensitivity 
and specificity than GRE phase imag-
ing in the detection of hemorrhages. 
QSM provides better specificity than 
GRE phase imaging in the detection 
of calcifications. QSM provides more 
accurate measurements of total sus-
ceptibility and volume for each lesion 
than GRE phase imaging.

GRE phase imaging has been re-
ported to be useful for differentiat-
ing calcifications from hemorrhages 
(3,8,11). Recently, it has been sug-
gested that QSM can enable the dif-
ferentiation of diamagnetic calcifica-
tions from paramagnetic hemorrhages  
(9,17,18). To our knowledge, this 
study is the first systematic evalu-
ation of the diagnostic accuracy of 
QSM and comparison between QSM 
and GRE phase imaging in the as-
sessment of calcifications and hem-
orrhages. The inferiority of GRE 
phase imaging to QSM as found in 
this study may be explained as fol-
lows. First, noise may be one cause 
for the heterogeneous appearance 
on GRE phase images of lesions with 
poor signal-to-noise ratio, when the 
T2* is short for either paramagnetic 
(eg, hemorrhages) or diamagnetic 
(eg, calcifications) lesions (25). Sec-
ond, the high-pass filtering used to 
generate GRE phase images may be 
a dominant cause for heterogene-
ity when a lesion is not small. The 
smooth field components (of low 
spatial frequencies) are removed by 
high-pass filtering, leaving mostly 
rapid spatial-varying components (of 
high spatial frequencies). Third, the 
physics underlying the phase, which 
reflects the magnetic field that is a 
nonlocal convolution of the tissue 
magnetic susceptibility, is a funda-
mental cause for the heterogeneous 
appearance on GRE phase images. 
The appearance of GRE phase im-
ages is highly dependent on imaging 
parameters, including field strength, 
echo time, voxel size, object size, 

(mean volume, 0.97 cm3 6 4.65 and 
0.99 cm3 6 4.7, respectively; P = .49). 
The lesion volume measured with GRE 
phase imaging (mean volume, 1.78 cm3 
6 6.45) was significantly larger than 
that measured with QSM (P = .015) 
and CT (P = .017).

Discussion

Our data demonstrate that the sus-
ceptibilities of most lesions with 

showed an excellent correlation be-
tween total CT numbers and total sus-
ceptibility (log10 [2total susceptibility] 
= 0.93 3 log10 [total CT number] + 
0.22; R2 = 0.90, P , .001). The corre-
lation between total CT numbers and 
total phase values was instead weaker 
(log10 [total phase value] = 0.74 3 log10 
[total CT number] + 3.25; R2 = 0.53, P 
, .001) (Fig 5).

Lesion volume measured at QSM 
was similar to that obtained with CT 

Figure 3

Figure 3: Calcification inside deep brain nuclei region in 26-year-old man with neurocysticercosis. A small 
calcified cysticercus granuloma (arrow) is seen at edge of left head of caudate nucleus and is (a) hyperat-
tenuating on CT scan, (b) hypointense on T2*-weighted MR image, (c) diamagnetic on QSM image, and (d) 
diamagnetic on GRE phase image. Calcifications in choroid plexus on CT scan are absent on both QSM and 
GRE phase images owing to the difference in head orientations at CT and MR imaging.
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Therefore, when using phase infor-
mation to infer tissue properties, the 
aforementioned confounding factors 
must be properly taken into account.

QSM deconvolves the nonlocal 
field by performing a regularized fit-
ting process to quantitatively deter-
mine the local tissue magnetic prop-
erty (13,15). The noise in the phase 
measurements is properly taken into 
account in the data weighting in the 
fitting according to noise probabil-
ity distribution function (13). The 
high-pass filtering is avoided by us-
ing a background field removal tech-
nique based on the Maxwell equation 
(27,28). Therefore, signal in QSM 
directly reflects the underlying tissue 
susceptibility, reducing appearance 
ambiguity, enhancing diagnostic con-
fidence, leading to improved sensi-
tivity, specificity, and interobserver 
agreement, and providing more accu-
rate measurements of total lesion sus-
ceptibility and volume when compared 
with GRE phase imaging. Our results 
indicate that QSM is highly accurate 
and can be a solution for detecting 
and quantifying hemorrhage and cal-
cification lesions on MR images. It is 
worth reporting that QSM depicted 15 
diamagnetic lesions that were invisi-
ble or slightly hyperattenuating at CT 
(,100 HU) in four patients with neu-
rocysticercosis. According to the evo-
lution of neurocysticercosis, these dia-
magnetic lesions might be cysticercus 
granuloma with low concentrations of 
calcium. Further pathologic or histo-
logic validation may prove QSM to be 
useful in the detection of small or low  
calcification when the CT numbers do 
not reach those in the calcification di-
agnosis criteria.

There are limitations in the inter-
pretation of calcification on QSM im-
ages. First, if a diamagnetic calcifica-
tion is accompanied by the deposition 
of paramagnetic substances, such as 
hemosiderin in hemorrhage or ferritin 
in the deep brain nuclei regions, the 
dominant component determines the 
final susceptibility. As a consequence, 
calcifications inside the deep brain nu-
clei region can appear either diamag-
netic or paramagnetic at QSM, which 

correlation with the total CT number, 
the correlation may be mainly attrib-
uted to the size of the lesion, as the 
phase is almost a random variable uni-
formly distributed between 0 and 2p 
in solid calcification or hemorrhage. 

and object orientation (13,14). This 
may explain the discrepancies among 
the reported percentage of hetero-
geneous lesions in this study and in 
the literature (3,8,26). Although the 
total phase value showed significant 

Figure 4

Figure 4: Calcification and hemorrhages (white arrow) in 58-year-old woman with cerebral cavern-
ous angiomas. (a) CT scan shows small hypoattenuating lesion (white arrow) and hyperattenuating 
calcification (black arrow, CT number .200 HU). (b) T2-weighted MR image shows calcifications and 
hemorrhages indistinctly with similar appearances (hypointense lesions with iso- and/or hyperintense 
cores). (c) QSM image shows paramagnetic lesion (white arrow), which corresponds to location of small 
hypoattenuating lesion on CT scan and was interpreted as chronic hemorrhage, and a large primarily 
paramagnetic lesion mixed with a diamagnetic center (black arrow). (d) GRE phase image shows both 
lesions with heterogeneous appearances, making diagnosis difficult. Dense calcified core (black arrow 
in a and c) was recognized on QSM image by readers 3 and 4.
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is the main cause for the false-negative 
findings at QSM with regard to calci-
fication detection. Second, the image 
quality in areas close to the skull and 
vessels is generally poor, possibly ow-
ing to remnant background field con-
tribution from the air-tissue interface 
and phase shifts caused by blood flow. 
Third, there may be confounding arti-
facts in QSM where there is a strong 
susceptibility source with little detected 
MR imaging signal, such as in big and 
dense hemorrhages. The confounding 
artifacts in QSM generally appear as 
halos surrounding the source but with 
an opposite sign, which was the main 
cause of the nonuniform appearance of 

Table 3

Diagnostic Performance of Readers 3 and 4 in the Detection of Intracranial Calcifications and Hemorrhages at QSM and GRE Phase 
Imaging

Reader and Diagnosis

QSM GRE Phase Imaging P Value

Sensitivity ( %) Specificity (%) Sensitivity (%) Specificity (%) Sensitivity Specificity 

Reader 3
 Hemorrhage 90 (84, 97) 95 (89, 100) 69 (60, 79) 79 (70, 87) .0279 .0026
 Calcification 79 (63, 94) 96 (92, 100) 62 (49, 74) 80 (69, 91) .0777 .0484
Reader 4
 Hemorrhage 89 (81, 97) 94 (89, 100) 73 (64, 81) 81 (73, 89) .0383 .009
 Calcification 82 (67, 97) 91 (85, 97) 67 (53, 82) 73 (61, 84) .1039 .0001

Note.—Numbers in parentheses are 95% confidence intervals. QSM achieved significantly better interobserver agreements than GRE phase imaging in the differentiation of hemorrhages from 
calcifications (k = 0.91 [95% confidence interval: 0.86, 0.97] and 0.55 [95% confidence interval: 0.46, 0.65], respectively).

Figure 5

Figure 5: Graphs show quantitative correlations between (a) total susceptibility versus total CT number 
and (b) total phase values versus total CT number. Total CT number shows an excellent correlation with total 
susceptibility (R 2 = 0.90) and a markedly lower correlation (R 2 = 0.53) with the total phase value.
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