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Objectives: To assess the ability of 3D amide proton transfer weighted (APTw) imaging
based on magnetization transfer analysis to discriminate between multiple sclerosis
lesions (MSL) and white matter hyperintensities of presumed vascular origin (WMH) and
to compare APTw signal intensity of healthy white matter (healthy WM) with APTw signal
intensity of MSL and WHM.

Materials and Methods: A total of 27 patients (16 female, 11 males, mean age
39.6 years) with multiple sclerosis, 35 patients (17 females, 18 males, mean age 66.6
years) with small vessel disease (SVD) and 20 healthy young volunteers (9 females, 11
males, mean age 29 years) were included in the MSL, the WMH, andthe healthy WM
group. MSL and WMH were segmented on �uid attenuated inversion recovery (FLAIR)
images underlaid onto APTw images. Histogram parameters (mean, median, 10th, 25th,
75th, 90th percentile) were calculated. Mean APTw signal intensity values in healthy WM
were de�ned by “Region of interest” (ROI) measurements. Wilcoxon rank sum tests and
receiver operating characteristics (ROC) curve analyses of clustered data were applied.

Results: All histogram parameters except the 75 and 90th percentile were signi�cantly
different between MSL and WMH (p D 0.018–p D 0.034). MSL presented with higher
median values in all parameters. The histogram parameters offered only low diagnostic
performance in discriminating between MSL and WMH. The 10th percentile yielded the
highest diagnostic performance with an AUC of 0.6245 (95% CI: [0.532, 0.717]). Mean
APTw signal intensity values of MSL were signi�cantly higher than mean values of healthy
WM (p D 0.005). The mean values of WMH did not differ signi�cantly from the values of
healthy WM (p D 0.345).
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Conclusions: We found signi�cant differences in APTw signal intensity, based on
straightforward magnetization transfer analysis, between MSL and WMH and between
MSL and healthy WM. Low AUC values from ROC analyses, however,suggest that it may
be challenging to determine type of lesion with APTw imaging. More advanced analysis
of the APT CEST signal may be helpful for further differentiation of MSL and WMH.

Keywords: magnetic resonance imaging, amide proton transfer, mo lecular imaging, multiple sclerosis lesions,
white matter lesions, CEST

INTRODUCTION

Di�erentiation between age related white matter hyperintensities
of presumed vascular origin (WMH) in patients with small
vessel disease (SVD) (1, 2) and demyelinating white matter
lesions in patients with multiple sclerosis (MS) called multiple
sclerosis lesions (MSL) can be di�cult. MSL and WMH
may have similar lesion morphology on MRI and may
coexist in individual patients (3–5). Conventional magnetic
resonance imaging (MRI) techniques such as T2 weighted
(T2w) turbo/fast spine echo (TSE/FSE) images, proton density
weighted (PDw) images, �uid attenuated inversion recovery
(FLAIR) and double inversion recovery (DIR) images are
highly sensitive to both WMH and MSL but do not provide
evidence of the underlying etiology (3, 4, 6) because all
these lesions are of similar morphological appearance on
T2w MR images (1, 4, 5). Moreover, conventional MR
imaging sequences do not provide any information on the
histologically heterogeneous manifestation of MSL (7, 8) or
WMH ( 2, 9–12).

As the diagnosis of MS is based on the number and location of
white matter lesions that disseminate in space and time within
the central nervous system (4, 6), WMH mimicking MSL can
complicate the clinical diagnosis of MS (4). Thus, reliable imaging
biomarkers that allow for a precise discrimination between these
two entities are of great clinical interest (3–5).

Preclinical studies that address this issue suggest that co-
registered T2� and FLAIR images (4, 5) and proton magnetic
resonance spectroscopy (1H-MRS) (1) may be useful in
di�erentiating between MSL and WMH.

The recently introduced molecular imaging technique amide
proton transfer weighted (APTw) imaging characterized by its
high degree of rescan reproducibility, repeatability and reliability
(13–16) has been successfully utilized in imaging of brain
tumors and neurodegenerative diseases (14, 15, 17–19). While
APTw imaging based on 3D fast spin echo sequences and
magnetization transfer asymmetry (MTRasym) analysis may be

Abbreviations: MS, multiple sclerosis; MSL, multiple sclerosis lesions; NAWM,
normal appearing white matter; Healthy WM, healthy white matter; ROC, receiver
operating characteristic; SD, standard deviation; SVD, small vessel disease; WM,
white matter; WMH, white matter hyperintensities; FLAIR, �uid attenuated
inversion recovery; T2w, T2 weighted; TSE, turbo spin echo; DWI, di�usion
weighted imaging; MRI, magnetic resonance imaging; FSE, fast spin echo; PDw,
proton density weighted; T1w, T1 weighted; SPIR, spectral presaturation inversion
recovery; SENSE, sensitivity encoding; MTRasym, magnetization transfer ratio
asymmetry; IQR, interquartile range.

confounded by relayed NOE e�ects, it o�ers an e�cient way
of characterizing tissue related changes in APT CEST e�ects
with a 3D coverage of the brain. Preliminary reports have
identi�ed di�erences in APTw signal intensity in MS patients
between MSL, normal appearing white matter (NAWM) and
healthy white matter (WM) of control groups (18–20). While
expanding into a more detailed analysis of puri�ed changes
in the APT e�ect (1 APT), the work by By et al. (18) shows
di�erences in histogram analysis of MSL and NAWM based
on asymmetry analysis. Furthermore, APTw techniques have
also been used to image neurodegenerative diseases or ischemic
lesions (21, 22).

Here, we hypothesize, that changes of the APT e�ect between
MSL and WMH could be detected by 3D fast spin echo APTw
imaging techniques and MTRasym analysis, as implemented for
clinical use in neuro oncology. Hence, we investigated the
ability of APTw imaging to discriminate between MSL and
WMH. For this purpose, both lesion types were identi�ed,
segmented and subsequently analyzed by comparing di�erent
histogram parameters. Receiver operating characteristic (ROC)
curve analyses were performed to evaluate the diagnostic
performance of these parameters. Ultimately, both lesion types
were also compared to healthy WM in young volunteers not
a�ected by any vascular or demyelinating disease process.

MATERIALS AND METHODS

Study Subjects
While MSL and WMH (and their histological subtypes) cannot
be distinguished with conventional MR imaging (3–5), lesions
may be attributed to the MSL or WMH type (4, 5, 23) based
on the symptoms and risk factors of the individual patient
presenting with a certain lesion (4, 5). Thus, in line with
previous similar studies patients (and thus ultimately lesions)
were selected for the di�erent subject groups depending on age
(4–6), clinical symptoms/laboratory evaluation according to the
most recent International Panel Criteria (6) and risk factors for
SVD as outlined below (4, 5).

This study was carried out in accordance with the
recommendations of the Cantonal Ethical Committee Zurich,
Zurich, Switzerland with written informed consent from
all subjects. All subjects gave written informed consent in
accordance with the Declaration of Helsinki. The protocol was
approved by the Cantonal Ethical Committee Zurich, Zurich,
Switzerland with BASEC Number 2018-01275. The APTw data
used in this study is provided in theSupplementary Material.
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Subject Population for MS Lesions
A total of 27 patients (16 female, 11 male; age 18 to 59
years, mean age 39.6 years, median age: 36 years) with
relapsing remitting multiple sclerosis or secondary progressive
multiple sclerosis with an average duration of 9� 5 years
were included in the study (4). Expanded disability status
scale (EDSS) of patients was between 3 and 5 (18). The
diagnosis of multiple sclerosis was con�rmed in each patient
according to the most recent International Panel Criteria
(5, 6). Patients with risk factors for SVD (diabetes, arterial
hypertension, smoking, hypercholesterolaemia, ischemic heart
disease, peripheral vascular disease) (5) were excluded. Included
patients had to present with at least one MSL.

Subject Population for WMH
A total of 35 patients (17 females, 18 males; age 49 to 89 years,
mean age 66.6 years, median age: 68 years) routinely screened
on cerebral MRI for the presence of cerebral metastases after
diagnosis of carcinoma of various origin (especially bronchus and
breast carcinoma) were included. Images from the most recent
examination were used for the study. All 35 patients presented
with at least two risk factors for SVD (arterial hypertension,
diabetes, smoking, hypercholesterolemia, ischemic heart disease,
peripheral vascular disease) (5). Patients presenting with cerebral
metastases or with a clinical diagnosis of MS (or suspected MS)
as de�ned by the most recent International Panel criteria (6)
were excluded. Included patients had to present with at least
one WMH.

Healthy Control Group for Healthy WM
To obtain APTw signal intensity values of healthy WM we opted
for a separate healthy young control group as recommended
by Dula et al. (19) rather than obtaining measurements from
the NAWM of MS patients or patients presenting with WMH.
NAWM on APTw imaging and on T2w maps is already known
to be considerably a�ected by multiple sclerosis (18, 19, 24)
and also by SVD (2). Therefore, the white matter cannot be
considered healthy in these patients, but only appears normal on
conventional MR images and is therefore called NAWM.

Overall, 20 healthy young volunteers (9 females, 11 males; age
19 to 37 years; mean age 29 years, median age: 28.5 years) were
selected. Exclusion criteria for subjects were T2 hyperintense foci
in gray and white matter on 2D T2 turbo spin echo (TSE) images
and any other abnormalities. Subjects had to present without
a current disease or a history of disease (such as a vascular or
demyelinating disease). Speci�cally, subjects with cardiovascular
risk factors (obesity, cardiac arrhythmia) or any risk factors for
small vessel disease (diabetes, smoking, hypercholesterolaemia,
ischemic heart disease, peripheral vascular disease) were
excluded (5). As age is known to be a risk factor for
SVD and microangiopathy (9) we speci�cally selected young
subjects between the age of 18 to 40 years (4) as our aim
was to measure APTw intensity values of normal healthy
WM (19) without interference of WMH due to silent
microangiopathy potentially in�uencing the APTw intensity
values measured.

MR Imaging
All subjects included were scanned on a 3T scanner (Achieva,
Philips Healthcare, Best, the Netherlands) with an eight channel
receive-only head coil array. For the evaluation of the MS patients
the following sequences were performed as part of the MR
protocol for routine evaluation: Transverse di�usion-weighted
imaging (DWI), 3D double inversion recovery (DIR) sequence,
precontrast 3D turbo �eld echo T1 weighted (T1w) sequence,
postcontrast 3D FLAIR sequence and postcontrast 3D T1 black
blood TSE or postcontrast 3D T1w m-Dixon turbo �eld echo
(TFE) sequence. Furthermore, an APTw sequence and a 2D T2w
TSE sequence were obtained.

In patients presenting with WMH the following sequences
were acquired: Transverse DWI, precontrast 2Dw T1 fast �eld
echo sequence (FFE) or 3D T1w black blood TSE sequence,
postcontrast 3D FLAIR, and postcontrast 3D T1 black blood TSE
C/– 3D T1w m-Dixon TFE. Furthermore, an APTw sequence
and a 2D T2w TSE sequence were obtained.

For subjects in the healthy control group an APTw sequence
and a 2D T2w TSE sequence were acquired.

The MR imaging parameters of the APTw-, the T2w and the
3D FLAIR sequence are shown inTable 1.

APTw Imaging
A slightly modi�ed version of the clinically approved APTw
sequence by Philips Healthcare (13, 25) was used (3.85 mm
instead of 6 mm slice thickness) because lesions can be quite
small and thus a smaller slice thickness decreases the in�uence
of partial volume e�ects. The APTw sequence was scanned in
transverse oblique orientation parallel to the intercommissural
line. Sixteen slices with a slice thickness of 3.85 mm were
acquired. The �rst slice was centered at the inferior border
connecting the rostrum and the splenium of the corpus callosum.

To generate APTw imaging contrast, magnetization transfer
ratio asymmetry (MTRasym) was calculated according to the
following formula:

MTRasym .%/ D
(S� 1! � S1! )

S0

S� 1! and S1! correspond to the water signal at negative and
positive frequency o�set. S0 is the signal without radiofrequency
saturation (13, 25). MTRasym is based on the acquisition of a Z-
spectrum, where multiple water signal levels are measured as a
function of di�erent frequency o�sets (1! ). The water signal
saturation is calculated as a function of the saturation frequency
on this spectrum (25).

For the Z-spectrum, nine image volumes at seven di�erent
frequency o�sets (� 3.1 ppm, � 3.5 ppm, � 3.9 ppm, and
� 1,560 ppm) were acquired (13, 25). A B0 map derived from
three acquisitions atC3.5 ppm with slightly di�erent echo
shifts using an mDIXON algorithm was used for a voxel-by-
voxel B0 correction (13, 25). B1 shimming was performed for
each scan thus allowing for B1 inhomogeneity correction as
described in detail by Togao et al. (13). APTw intensity values
in this paper always represent MTRasymvalues at 3.5 ppm o�set
frequency (1! ) quanti�ed in % water signal intensity (13, 25).
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TABLE 1 | Scan parameters of the APTw, 2D T2w TSE, and 3D FLAIR sequence.

3D APTw sequence 2D T2w TSE 3D FLAIR

FOV 228 � 178 � 60 mm 230 � 230 � 165 mm 250 � 250 mm

Acquisition voxel 1.8� 1.8 � 6.0 mm 0.6 � 0.6 � 3.5 mm 1.12 � 1.12 � 1.12 mm

Reconstruction voxel 0.9� 0.9 � 3.85 mm 0.45 � 0.45 � 3.5 mm 1.04 � 1.04 � 0.56 mm

Reconstruction matrix 256� 256 512 � 512 240 � 240

Slice thickness, Slice gap 3.85 mm, 0 mm 3.5 mm, 0.35 mm 3.85 mm, 0 mm (multiplanar reconstruction)

SENSE or Compressed SENSE factor 1.6 Sense 1.5 Sense 8 Compressed Sense

Scan mode 3D 2D 3D

TSE factor 174 with 3D TSE readout
and 1,367 ms shot duration

30 182

Rest slabs 0 1 0

MultiVane percentage – 160% –

Flip angle (in degrees) 90 90 40

TR, TE, and TE equivalent TR 5,800 to 5,864 ms
TE 7.8 to 8.3 ms

TR 4,000 ms TE 120 ms 4,800, 278, and 120 ms

Inversion time TI – – 1,650 ms

Fat suppression SPIR SPIR SPIR

APTw Saturation B1rms : 2 mT
Saturation duration: 2 s

– –

Number of acquisitions NSA 1 1 2

Scan duration 03 min 42 s 03 min 04 min 43 s

In case of intravenous injection of Gadolinium, the APTw
image acquisition was always performed before administration
of Gadolinium.

Lesion and Healthy WM Selection
All non-con�uent lesions (3) in the periventricular, deep,
subcortical and juxtacortical white matter in frontal and parietal
lobe, with the centrum semiovale included, both in the MSL
and WMH subject group, were chosen for analysis based on
the position of the APTw sequence that covered brain areas
from corpus callosum to vertex. FLAIR hyperintense linear
periventricular rims were excluded. Lesions encompassing< 10
voxels were excluded to ensure a minimal lesion size of 3 mm
(3, 5). A total number of 346 MSL (median number of voxels in
lesions: 52; range 10–906, 45.3% from right hemisphere, 54.6%
from left hemisphere) and 220 WMH (median number of voxels
in lesions: 50; range 10–1347, 57.7% from right hemisphere,
42.3% from left hemisphere) were included in the analysis.

MSL were only selected from the MS subject group while
WMH were only selected from the WMH subject category.

MSL of the MS patient group were selected according to the
revised McDonald criteria 2017 (6) as discrete areas with FLAIR,
DIR and T2w TSE hyperintensity, T1w iso- to hypointensity and
iso- to slight DWI hyperintensity (6).

WMH of the WMH subject group were identi�ed according
to MR imaging criteria as discrete areas with FLAIR and
T2w TSE hyperintensity, T1w iso- to hypointensity and DWI
isointensity (2, 5, 9–11).

To obtain values of healthy WM, ROI measurements were
performed bilaterally in the white matter of the frontal lobe, the
parietal lobe, and the centrum semiovale in each subject (thus

totaling 6 measurements per subject and thus 120 measurements
in total) of the healthy control group (Figure 1).

Postprocessing and Image Analysis
To analyze MSL or WMH, the transverse reconstructions of
the 3D FLAIR sequence, the APTw transverse images and the
T2w images were transferred to an independent workstation
“Intellispace Discovery, Version 2.0” (Philips Healthcare, Best,
the Netherlands), where all the sequences were coregistered.
With the help of a software program named “research oncology
suite” the selected lesion was �rst outlined manually on
the FLAIR slice (3) where the lesion showed its maximum
diameter and veri�ed on the T2w image. Second the program
automatically segmented the volume of the entire lesion on all
adjacent slices with a combined threshold and edge detection
function. Correct segmentation was adjusted manually in case
of misalignment. This segmented lesion volume was transferred
and overlaid to the APTw sequence and the values of the
APTw signal intensity were derived voxel-wise from this
volume of interest. The data was then exported as a simple
text �le and used to create histograms. Ultimately, histogram
parameters (mean, median, 10th percentile, 25th percentile, 75th
percentile, 90th percentile) were calculated in all extracted WMH
and MSL.

To obtain values of healthy WM from the healthy control
group, APTw images were co-registered and overlaid with
the geometrically identically acquired T2w TSE images on a
dedicated workstation “IntelliSpace Portal” version 8 (Philips
Healthcare, Best, the Netherlands). After fusion and co-
registration it was possible to switch from the pure T2w
TSE image, to the fused T2w TSE and APTw image (both
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FIGURE 1 | T2w image with 0% APT image overlay. ROIs for measurements
in normal white matter in healthy volunteers are performed bilaterally in the
frontal white matter, in the centrum semiovale and in the parietal white matter.
ROI size varied between 80 and 90 mm2 in different healthy volunteers.

each 50% contributing) to the pure APTw color coded image.
ROIs were de�ned on the underlying T2w TSE image and
the APTw intensity value was measured on the corresponding
APTw image. The ROI size depended on the size of the
anatomical structure and thus the size of the ROI was chosen
based on the size of the anatomical region. Round and oval
ROI sizes were used based on the anatomical con�guration
of the respective anatomical structure. ROIs for each white
matter region were always copied (and adjusted in their
position) from one hemisphere to the other to ensure that
identical ROIs were used in bilateral measurements. As proposed
in a similar study (26) mean APTw signal intensity values
(rather than all histogram parameters) were then calculatedfor
each ROI.

Lesion selection and measurements were performed by two
trainees (E.S. and T.S.) and controlled by a neuroradiologist with
30 years of experience (S.S). In case of disagreement, a second
neuroradiologist with 5 years of experience (A.S) was additionally
consulted and the selection or measurement was discussed and
adjusted until consensus was reached.

Statistical Analysis
To compare the age distributions between the three subject
groups, Wilcoxon rank sum tests were applied. Gender
distributions were compared with the chi-square test.

For each patient, the mean for all histogram parameters
(mean, median, 10th percentile, 25th percentile, 75th percentile,

90th percentile) was calculated and compared with a Wilcoxon
rank sum test between MSL and WMH. Thep-values were
corrected with the Benjamini & Hochberg procedure with a false
discovery rate of 0.10. The Wilcoxon rank sum test was utilized
to compare histogram parameter mean of MSL and WMH with
histogram parameter mean of healthy WM.

The diagnostic performance of di�erent histogram
parameters for di�erentiation of MSL from WMH was
evaluated by means of ROC curve analyses. To adjust
for possible correlations of APTw data within patients,
clustering was accounted for (27). The Youden index and
corresponding sensitivity and speci�city were computed
for all histogram parameters.P-values < 0.05 were
considered signi�cant.

RESULTS

Comparison of Age and Gender
Distributions Between Subject Groups
Patients within the WMH category (median: 68 years) were
signi�cantly older than MS patients (median: 36 years)
(p < 0.001), which is in line with the results of a recent
similar study (5). WMH are observed more frequently in elderly
individuals and can be more often attributed to microangiopathic
etiology in these individuals (9) and therefore older people
represent a more representative comparator group for this
kind of study (5). As expected, the control group for healthy
WM (median: 28.5 years) was signi�cantly younger than the
MSL patient group (median: 36 years) (p D 0.004) and the
WMH patient group (p < 0.001). There was no di�erence
in the gender distributions between the three subject groups
(p D 0.58).

Comparison of MSL and WMH
Two exemplary cases of MSL and WMH lesion selection and
segmentation on FLAIR and APT are shown inFigures 2, 3.

Histogram pro�les of MSL and WMH are depicted in
Figure 4. The overall histogram pro�le of MSL was shifted
toward slightly higher APTw intensity values (thus more to
the right side inFigure 4) than the overall histogram pro�le
of WMH.

Comparison of Histogram Parameters
Between MSL and WMH
Table 2 shows the comparisons of histogram parameters and
the data is additionally visualized inFigure 5. In summary,
the mean, median, 10th percentile and 25th percentile APTw
intensity values of MSL were signi�cantly higher than the
intensity values of WMH (p D 0.034, p D 0.018, p D
0.026, p D 0.024). No signi�cant di�erence was detected
between 75th percentile and 90th percentile values (p D 0.104,
p D 0.247).

Diagnostic Performance of Histogram
Parameters of MSL and WMH
The diagnostic performance obtained from ROC curve
analysis is shown inTable 3. ROC curves are depicted in
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FIGURE 2 | FLAIR image with 50% and 100% APTw image overlay. MS lesions (MSL) are outlined in red. The image to the left shows the lesions on FLAIR(A), the
middle image shows the FLAIR image with 50% APTw overlay(B) and the image to the right shows the FLAIR image with 100% APTw overlay(C). Additional
examples of the lesion selection are given in(D–F).

FIGURE 3 | FLAIR image with 50 and 100% APTw image overlay. White matter hyperintensities of presumed vascular origin (WMH) are outlined in red. The image to
the left shows the lesions on FLAIR(A), the middle image shows the FLAIR image with 50% APTw overlay(B) and the image to the right shows the FLAIR image with
100% APTw overlay(C). Additional examples of the lesion selection are given in(D–F).

Figure 6. The parameters analyzed (mean, median, 10th,
25th, 75th, and 90th percentile) only o�ered low diagnostic
performance (range of AUC: 0.5835–0.6245). The highest

diagnostic performance (AUCD 0.6245, 95% CI: [0.5323,
0.7167]) was achieved with the 10th percentile APTw signal
intensity values.
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Comparison of APTw Intensity Between
Healthy WM and MSL and Healthy WM and
WMH
As explained in the methods section, the mean APTw signal
intensity value [rather than all histogram parameters (26)] was
calculated for each ROI of healthy WM and compared with the
mean APTw signal intensity of MSL and WMH. The results
indicated that the APTw signal intensity of MSL (mean�
SD: 0.72� 0.24%; median: 0.68%, IQR; [0.56, 0.78%]) di�ered
signi�cantly from the APTw intensity of healthy WM (mean
� SD: 0.47� 0.32%; median: 0.53%, IQR; [0.16, 0.64%]) (p
D 0.005). However, the APTw signal intensity of WMH (mean
� SD: 0.52� 0.35%; median: 0.55%, IQR; [0.44, 0.77%]) did
not di�er signi�cantly from the signal intensity of healthy WM

FIGURE 4 | Histogram pro�les encompassing all voxels obtained from MS
lesions (MSL) and white matter hyperintensities of presumed vascular origin
(WMH).

TABLE 2 | Comparison of histogram parameters that were averaged for each
patient.

APTw intensity
histogram
parameters (%)

MSL
mean � SD;

median; [IQR]

WMH
mean � SD;

median; [IQR]

Raw p-value

Mean 0.72 � 0.24;
0.68; [0.56,0.87]

0.52 � 0.35;
0.55; [0.44,0.77]

0.034*

Median 0.72 � 0.24;
0.71; [0.57,0.86]

0.52 � 0.34;
0.55; [0.42,0.76]

0.018*

10th percentile 0.3 � 0.24;
0.23; [0.12,0.46];

� 0.01 � 0.6;
0.15; [� 0.18,0.35]

0.026*

25th percentile 0.49� 0.23;
0.42; [0.34,0.62]

0.25 � 0.46;
0.30; [0.12,0.51]

0.024*

75th percentile 0.95� 0.28;
0.93; [0.77,1.11]

0.8 � 0.32;
0.82; [0.62,1.04]

0.104

90th percentile 1.14� 0.33;
1.10; [0.95,1.35]

1.05 � 0.43;
1.05; [0.76,1.23]

0.247

Mean � standard deviation (SD), median and interquartile range (IQR) are shown.
Signi�cant p values using the Benjamini & Hochberg procedure with afalse discovery
rate of 0.10 are marked with a star (*).

(mean� SD: 0.47� 0.32%; median: 0.53%, IQR; [0.16, 0.64%])
(p D 0.345). The data is visualized inFigure 7.

DISCUSSION

In this study a systematic analysis of APTw signal intensity
values in MSL and WMH was performed. Lesions were carefully
selected, segmented and analyzed with histogram parameters.
Histogram analysis has been shown to yield a high degree of
inter-observer reproducibility and is an established methodto
analyze APTw signal intensity values (26, 28). APTw imaging,
characterized by a high degree of scan rescan reproducibility,
repeatability and reliability (13–16), was performed with a
slightly modi�ed version (modi�ed slice thickness) of the
only clinically approved APTw sequence currently available
commercially by Philips HealthcareR
 (13, 25). A voxel-by-
voxel B0 and B1 correction was implemented during APTw
imaging (13, 25).

Our results showed that all histogram parameters except the
75th and 90th percentile were signi�cantly di�erent between
MSL and WMH. The histogram parameters analyzed o�ered
only low diagnostic performance in discriminating between MSL
and WMH. The 10th percentile yielded the highest diagnostic
performance with an AUC of 0.6245. Hence while MSL and
WMH may show statistically signi�cant quantitative di�erences,
it is questionable whether the small di�erences in the APTw
signal intensity can be used clinically for di�erentiation of
individual lesions. Addition of other techniques and sequences
to histogram parameters as for example co-registered T2� /FLAIR
images (as described in previous preclinical studies) may increase
diagnostic performance (4, 5). Lastly, we found that the mean
APTw signal intensity values of MSL were signi�cantly higher
than the values of WMH and of healthy WM. However, the values
of WMH did not di�er signi�cantly from the values of healthy
WM in young volunteers.

To our knowledge, di�erences in APTw signal intensity values
between MSL and WMH have not yet been published. However,
previous studies have investigated white matter changes of APTw
signal intensity values in the cervical spinal cord and brainof MS
patients (18, 19). Great variability in results between these studies
were observed (20).

Both studies found signi�cant di�erences between NAWM
and healthy WM (18, 19) and thus, in order to obtain reliable
values for healthy WM, inclusion of a healthy control group was
recommended for future studies (19).

In the cervical spinal cord of MS patients no signi�cant
di�erence between MSL and healthy WM was reported (18).
However, di�erences between cerebral MSL and healthy WM
were observed in MS patients (19). Speci�cally, higher APTw
signal intensity values in some MSL compared to healthy WM
was observed, but there was also variability between individual
MSL (19).

Similar to these results we observed signi�cantly higher APTw
signal intensity in MSL than in healthy WM.

In theory, the APTw signal is caused by two major sources,
namely the intracellular water-exchangeable amide proton
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FIGURE 5 | Comparison of histogram parameters (mean, median, 10th percentile, 25th percentile, 75th percentile and 90th percentile) of APTw data from MS lesions
(MSL) (n D 27) and white matter hyperintensities of presumed vascularorigin (WMH) (n D 35) that were averaged for each patient. The line in the box shows the
median, the lower and upper hinges correspond to the �rst and third quartiles, the upper/lower whisker extends from the hinge to the largest/smallest value no further
than 1.5 * IQR from the hinge.

TABLE 3 | AUC and 95% con�dence interval (95% CI), cutoff value (Youden index), sensitivity, speci�city, and accuracy for each histogram parameter from MS lesions
(MSL) and white matter hyperintensities of presumed vascular origin (WMH).

APTw intensity histogram parameters (%) AUC; [95% CI] Cutoff v alue (%) Sensitivity (%) Speci�city (%) Accuracy (%)

Mean 0.618 *; [0.529, 0.708] 0.654 60.4 59.5 60

Median 0.620 *; [0.532, 0.709] 0.660 59.8 61.8 60.6

10th percentile 0.625 *; [0.532, 0.717] 0.448 43.4 77.7 56.7

25th percentile 0.621 *; [0.534, 0.709] 0.570 49.1 71.8 58

75th percentile 0.600 *; [0.506, 0.694] 0.983 52.3 68.2 58.5

90th percentile 0.584; [0.482, 0.686] 1.066 61 56.4 59.2

Signi�cant AUC values are marked with a star (*).

content in the cytoplasm and the base-catalyzed exchange rate at
physiological pH range (21). However, it should be acknowledged
that the APTw signal may be contaminated by a variety of other
technical factors (18, 29–34). It is known that water longitudinal
relaxation time (T1) in�uences the APTw signal. The signal may
either be in�uenced linearly or in a complex manner by T1
e�ects (T1 recovery and T1 - related saturation) depending on the
level of direct water saturation e�ects, the �eld strengths ofthe
MR scanner, irradiation power and whether non-steady-state or
steady-state acquisitions are performed. Additionally, semi-solid
magnetization transfer (MT) and other nearby CEST and relayed
nuclear Overhauser enhancement (rNOE) saturation transfer
e�ects have been shown to a�ect the APTw signal. Lastly an
imperfect distribution of the irradiation power across the brain
can trigger B1 e�ects which may also impact APTw intensity
values (34).

It has been hypothesized that the increase in APTw signal
intensity values in MSL in MS patients may be caused by
changes in the intracellular amide proton content. Increased
protein accumulation and concentration as seen in activated
microglia surrounding chronic active MSL or increased protein
degradation during axonal damage with secondary higher

concentrations of mobile peptides may be responsible for an
increase in APTw signal intensity (18, 20, 21).

The di�erences in results from these studies may be attributed
to di�erent anatomies examined, di�erent APTw sequences and
parameters utilized, di�erent �eld strengths (7T vs. 3T) and by
small sample sizes of patients included in the previous studies (18,
19). Furthermore, it has been hypothesized that heterogeneityof
results may also stem from histological di�erences between MSL
both in and between patients (18, 19).

MSL are histologically classi�ed as preactive, active, mixed
chronic-inactive/active or chronic-inactive depending on
the degree of microglia activation, immune response and
demyelination (7, 8).

In our study as well as in similar recently published studies
(3–5, 23) the various known histological subtypes of MSL
could not be di�erentiated because conventional MR imaging
techniques are not able to di�erentiate the MSL according to their
histologic di�erences (7, 8) and therefore APTw signal intensity
values represent a mixture of APTw signal intensity values of
histologically di�erent MSL.

Concerning the APTw signal of WMH, pH may play a
decisive role. In ischemic lesions, the exchange rate of amide
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FIGURE 6 | ROC curves of APTw histogram parameters from MS lesions
(MSL) and white matter hyperintensities of presumed vascular origin (WMH).

FIGURE 7 | Boxplots with jittered individual data points depicting mean APTw
signal intensity values of healthy white matter (HealthyWM) (n D 20), MS
lesions (MSL) (n D 27), and white matter hyperintensities of presumed vascular
origin (WMH) (n D 35) that were averaged for each patient/proband. The line in
the box shows the median, the lower and upper hinges correspond to the �rst
and third quartiles, the upper/lower whisker extends from the hinge to the
largest/smallest value no further than 1.5 * IQR from the hinge.

protons is a�ected due to its sensitivity by pH changes (21,
22). In acute ischemic stroke, elevated APTw signal intensity
values are attributed to intracellular acidosis (22, 35–38). This
intracellular tissue acidi�cation will alleviate in the follow up
if clinical symptom improvement occurs after ischemic stroke
(with or without treatment) (38, 39). Thus, patients usually
present with a gradually increasing and normalizing APTw signal
intensity over time after onset of an ischemic stroke despite
persisting severe ischemic changes on FLAIR images (38, 39).

This normalization occurs in the subacute stage after 4 to 7 days
after acute ischemic stroke where APTw signal intensity values
were identical in ischemic tissue and in normal contralateral
white matter (39). In this study we report similar APTw signal
intensity values in WMH, representing chronic lesions, and in
healthy WM of young healthy volunteers thus con�rming these
previous observations.

WMH also do not represent a histologically homogenous
group of lesions. This is re�ected even in their appearance
on T2w- and FLAIR images, where these lesions present with
various degrees of FLAIR hyperintensity. This matter of fact
most likely depends on the severity of the SVD (2, 9–11) and
the exact disease stage (9, 10, 12, 40–42). WMH may present
with impaired blood brain barrier, loss of oligodendrocytesand
reduced density of glia, vacuolation and axonal damage and
impaired white matter integrity as reported on di�usion tensor
imaging (2, 9, 10, 12, 43–45). However, as in MSL, conventional
MRI does not allow for a di�erentiation of histologically di�erent
WMH ( 4, 5).

As for the signi�cant di�erences observed between MSL and
WMH, varying degrees of the two major sources contributing
to the APTw signal, namely the intracellular water-exchangeable
amide proton content in MSL and the exchange rate of
amide protons in�uenced by the pH value in the tissue
in WMH may be responsible. However, these di�erences in
APTw signal intensity values seem too small to allow for a
reliable di�erentiation of individual lesions. A higher diagnostic
performance may be achieved by combining APTw histogram
parameters with other metrics and MRI technologies (especially
MR sequences) that may facilitate di�erentiation of MSL
and WMH. Speci�cally preclinical studies have shown that
morphological features of lesions as T2� /FLAIR characteristics
may be useful for di�erentiation of lesions (3–5) and thus may
o�er additional value when combined with APTw histogram
parameters. Lastly, more advanced analysis of the APT CEST
signal may also be helpful for further di�erentiation of MSL
and WMH.

Our study has several limitations:

Firstly, it is possible that an individual lesion in the white
matter of an elderly MS patient was wrongly allocated
to the MSL group despite careful lesion and patient
selection. Patients (and lesions) were selected based on
criteria described in previousin vivo studies for MSL and
WMH ( 2–6, 9–11). To further increase accuracy of lesion
selection, biopsy samples or post mortem investigations would
be necessary.

Secondly, due to the selection criteria of subjects in this
study, the three subject groups had signi�cantly di�erent age
distributions. Di�erent age distributions (as in the case of
MSL subject group vs. WMH subject group) in subject groups
enable a more accurate selection of lesions (5). Furthermore,
young volunteers were recruited for the healthy control group
in order to minimize the prevalence of asymptomatic WMH.
Speci�cally, it is known that even in individuals between
45 and 55 years of age, more than 50% of patients are
a�ected by WMH (4). Nonetheless, it is unclear how age
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a�ects APTw signal intensity values of WM and this may
have in�uenced our results. Thus, future studies should
evaluate the impact of age on APTw signal intensity values in
di�erent brain regions, both in brains a�ected by disease and
healthy brains.

Thirdly, MSL and WMH (and thus healthy WM values)
were only selected from three anatomical regions,
namely the frontal and parietal white matter and the
centrum semiovale due to geometrical constraints of the
APTw sequence.

CONCLUSION AND OUTLOOK

MSL histogram parameters di�ered signi�cantly from WMH
histogram parameters. Furthermore, APTw signal intensity
values in MSL di�ered signi�cantly from the values in
healthy WM while APTw signal intensity values in WMH
did not di�er from the values in healthy WM. However,
due to the overall small di�erences, histogram parameters
analyzed yielded only a low degree of diagnostic performance
for di�erentiation between MSL and WMH. A higher
diagnostic performance may be achieved by combining
APTw histogram parameters with other metrics and MR
technologies (especially other MR sequences) and morphological
features of lesions. Speci�cally the correlation of imaging
features with histological data may improve lesion selection
thus potentially reducing the heterogeneity of lesions included
in future studies. Furthermore, other histogram parameters
(such as kurtosis and skewness) may also be useful to
distinguish MSL from WMH. This should be investigated
in further studies.
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