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Chapter 2

Long-term reproducibility of
phantom signal intensities in
nonuniformity corrected
STIR-MRI examinations of
skeletal muscle

Abstract
Object: Nerve regeneration could be monitored by comparing MRI image intensities
in time, as denervated muscles display increased signal intensity in STIR sequences.
In this study long-term reproducibility of STIR image intensity was assessed under
clinical conditions and the required image intensity nonuniformity correction was im-
proved by using phantom scans obtained at multiple positions.
Methods: Three-dimensional image intensity nonuniformity was investigated in phan-
tom scans. Next, over a three-year period, 190 clinical STIR hand scans were obtained
using a standardized acquisition protocol, and corrected for intensity nonuniformity
by using the results of phantom scanning. The results of correction with 1, 3, and 11
phantom scans were compared. The image intensities in calibration tubes close to the
hands were measured every time to determine the reproducibility of our method.
Results: With calibration, the reproducibility of STIR image intensity improved from
7.8 to 6.4%. Image intensity nonuniformity correction with 11 phantom scans gave
significantly better results than correction with 1 or 3 scans.
Conclusions: The image intensities in clinical STIR images acquired at different times
can be compared directly, provided that the acquisition protocol is standardized and
that nonuniformity correction is applied. Nonuniformity correction is preferably based
on multiple phantom scans.
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2.1 Introduction

Magnetic resonance imaging (MRI) has been used to diagnose denervation
of skeletal muscles for over one decade now (1). As a result of denerva-
tion, various histochemical changes take place in the end organ, muscle tis-
sue, including increases in the proportions of extracellular fluid and capillary
bed (2–6). The most commonly used MRI sequences dedicated to visualiz-
ing fluid increases and thus of potential aid in the diagnosis of denervation
are T2-weighted, T1-weighted short tau inversion recovery (STIR) (7) and
gadolinium-enhanced T1-weighted (8).
Besides diagnosis, in clinical practice the follow-up of patients may be of
equal importance, for instance monitoring disease progression or effect of
treatment. For example, in the case of traumatic peripheral nerve transection
in the forearm, diagnosis is already clear from surgical exploration and sub-
sequent nerve repair. In these cases, the monitoring of nerve regeneration
after surgery is of greater importance as surgical reintervention may be in-
dicated when regeneration fails (9). Since reintervention has a better chance
of success when attempted early (9–12), it is of utmost importance to receive
information about the nerve regeneration process as early as possible, prefer-
ably long before the moment of function recovery. To monitor nerve regen-
eration, next to clinical evaluation, needle electromyography (EMG) is the
current method of choice (13). By measuring electric signals, it can depict
subtle electrophysiological changes in the target muscle, thus giving an indi-
cation whether regenerating axons have reached it. Unfortunately, EMG also
has several disadvantages: it is a time consuming examination, it is painful
(14) and invasive, possibly resulting in hematomas, infections and, ironically,
nerve lesions (15). Also, the results are difficult to interpret for clinicians other
than specially trained electrophysiologists and measurements are highly tem-
perature dependent (16).
Therefore, new methods are needed for early monitoring of nerve regenera-
tion. In this respect, MRI could be a viable candidate, as it has none of the
above disadvantages. In the use of MRI as a tool for monitoring nerve re-
generation, image intensities of muscles have to be compared in time. For
this purpose T2 weighted MRI has been used most frequently (4,6,17,18). For
quantitative T2 relaxation times measured at 1.5T, a long-term reproducibility
of 6–9% has been reported (19). However, STIR sequences reportedly have a
high sensitivity and specificity for detecting denervation (7) and a higher sen-
sitivity for depicting fluid increase than T2-weighted images (2,20–22). In the
subacute phase of denervation (the period of interest for monitoring), STIR
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has been reported to have the highest sensitivity, with signal increases of ap-
proximately 75% in STIR measurements as opposed to 40% in T2 measure-
ments (1,20). Nevertheless, STIR scans are generally considered less suitable
for (semi)quantitative measuring and little is known about long term repro-
ducibility of STIR image intensity measurements under clinical conditions.
The high quality, good contrast images obtained with today’s clinical MRI
scanners are influenced by all kinds of noise and shifts originating from elec-
tronic components, RF coils, magnetic field and the object being examined.
The clinical setting may also result in suboptimal scanning conditions. For
instance, in patients with peripheral nerve lesions it is often impossible to
position the affected hand exactly in the center of the MRI tunnel, due to lim-
ited mobility of the patients as a result of accompanying tendon damage or
the use of an arm cast. These non-optimal conditions, along with technical
difficulties like field-inhomogeneity and susceptibility artifacts may result in
considerably diminished reproducibility of measurements. Hence, the aim of
this study was to determine the reproducibility of signal intensities measured
in STIR MRI scans of the wrist under clinical conditions over a longer period
of time, thus gaining basic knowledge necessary for further research.
Significant location-dependent image intensity nonuniformities caused by
the use of dedicated extremity coils must be compensated for. A commonly
accepted correction method is to use scans of a homogeneous phantom to
identify location dependent nonuniformities and to correct clinical scans by
dividing them by the phantom scans (25,28,31). However, as mentioned
above, non-centered positioning of the patient could influence image inten-
sity measurements. If a phantom scan is acquired at only one position in the
MRI tunnel, using this scan for image correction of all clinical scans could re-
sult in sub-optimal image correction. Therefore, the second goal of this study
was to investigate whether image correction with phantom scans obtained
at multiple different positions could improve image intensity nonuniformity
correction.
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2.2 Materials and methods

2.2.1 Study design

The aim of this prospective study was to assess and, if possible, improve re-
producibility of image intensity measurements in STIR MRI under clinical
conditions. For this purpose, in a period of over 3 years, calibration tubes
with different fluids were placed close to the hand in subsequent STIR MRI
examinations of the hand in patients after severe trauma of the forearm. The
images were corrected for image intensity nonuniformity by using scans of a
phantom. It was investigated whether nonuniformity correction with phan-
tom scans acquired at multiple positions yields better results than correction
with only one phantom scan obtained in the center of the MRI bore. Image
intensities along the calibration tubes were measured to obtain noise char-
acteristics, to evaluate the effect of image intensity nonuniformity correction
and to determine reproducibility of measurements.

2.2.2 Acquisition technique

A 1.5 T MRI Scanner (Gyroscan Intera Powertrak 6000, Philips Medical Sys-
tems, Best, The Netherlands) equipped with a standard 12 antenna, 20cm
diameter, birdcage receive-only knee coil, was used in all studies, In all ex-
aminations the same fat-suppressed short tau inversion recovery turbo spin
echo (STIR-TSE) sequence was used, in view of reports indicating that STIR
has a higher sensitivity for muscle denervation than T2-weighted imaging
(2,20). The imaging parameters used were TR = 1,693 ms, TI = 170 ms, TE =
15 ms. These STIR settings are used in our clinic, as they yield a clear differ-
ence between denervated and normal muscle in patients with nerve lesions,
without the need of administering contrast medium. Similar sequences have
been described in literature (1,7,20,23). To keep examination time as short as
possible, no other sequences were used. For all MRI scans a field of view
of 16 cm, a 256 x 256 matrix, a 3mm slice thickness and interslice gap of
0.3mm were used, with a number of averages of 2 and a TSE factor of 5. The
scan time was 4 min. In all subjects, using our standard clinical protocol, 23
transverse slices of the midhand were obtained, parallel to the plane through
the first and fifth metacarpophalangeal joints and the middle of the second
metacarpal bone with the thumb in neutral position. All images were stored
on CDROM in DICOM format for further processing.
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2.2.3 Intensity nonuniformity correction

As it is known that the use of specialized radio frequency (RF) coils, such
as head and knee coils, results in signal falloff near the edges of the coil, es-
pecially in the z-direction, post-processing is needed to compensate for this
location dependent signal variation. Several methods have been proposed
to correct for these intensity nonuniformities (24–31). A common and feasi-
ble method is to scan a uniform phantom and correct for intensity nonuni-
formity by dividing subsequent scans by the obtained phantom images. It
has been shown, that this method improves intensity uniformity significantly
(25,28,31). We chose this method, as it can be easily implemented in a clinical
setting and be performed (semi) automatically. For this purpose, we used a
phantom which was filled with standard Philips calibration fluid (aqueous
4.8 mmol/l copper sulphate solution) and fitted our 20cm knee coil exactly
(Figure 2.1). Of this phantom, axial scans were obtained with the same pa-
rameters as were used in our patient studies. To minimize effects of fluid
motion, the phantom was stored in the MRI room for two weeks to prevent
temperature induced movement. All positioning was done very cautiously.

FIGURE 2.1: The used 20 cm RF knee coil and phantom. This coil was posi-
tioned at 11 positions from left to right, each 3 cm apart.
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It is known that left–right position of the RF coil also influences signal inten-
sity significantly (32). Therefore, as it often is not possible to position the body
part of interest exactly in the center of the magnetic field, it was expected that
in a clinical setting patient positioning could be an important source of im-
age intensity measurement errors. To evaluate this influence, multiple scans
of our coil and phantom at different x-positions were obtained. The coil with
the phantom was placed at 11 different positions from left to right on the
examination table, each 3.0 cm apart, mimicking differences in patient po-
sitioning in the MRI tunnel. Each time the coil and phantom were reposi-
tioned, we waited at least 30 min before obtaining the next scan. In each of
the 11 positions, eight series of the phantom were averaged to reduce noise.
The resulting images of the phantom were then low pass filtered in three di-
rections to obtain further noise reduction. Finally, the phantom scans were
normalized by defining the phantom center as 100% and scaling the scan ac-
cording to this reference point. To assess image nonuniformity and signal
falloff near the edges, image intensity distributions in the three orthogonal
directions throughout the phantom scans were determined. Dedicated post-
processing software was developed in C (Visual C/C++ 6, Microsoft Corpo-
ration, Redmond, Washington, USA), to semi-automatically correct the scans
of our subjects with the closest available phantom scan. Correction for im-
age intensity nonuniformities was performed by dividing the patient scans
by the normalized phantom images.
To determine whether using multiple phantom scans acquired at different
positions improves nonuniformity correction, all obtained patient scans were
corrected using either 1, 3, or 11 phantom scans. Nonuniformity was assessed
in the resulting images and compared to the original scans by measuring the
amount of image intensity variation along the calibration tubes. For this pur-
pose, along all tubes the mean image intensity and standard deviations were
determined. For correction with one phantom scan, the center scan of the 11
phantom scans was used. For correction with three phantom scans, one scan
out of three possibilities was selected, either the center scan or one of the two
scans at 9.00cm distance to the left and right of this scan, in such a way that
the one closest to the patient scan (i.e. the scan centered on the hand) was
selected for correction. For correction with 11 scans, the closest scan out of
the 11 possibilities was selected.
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2.2.4 Reproducibility

To determine reproducibility of image intensity measurements in time un-
der clinical conditions, the images need to be calibrated with a known and
stable reference. As there is no such reference available in the human body,
we placed calibration tubes close to the hand during 190 clinical STIR hand
examinations, in which image intensities were measured. The hand of a sub-
ject was placed in the center of a 20 cm knee coil using a custom-made wrist
cushion (Figure 2.2a), and the coil was placed as close as possible to the cen-
ter of the MRI bore without causing patient discomfort and without exert-
ing force on the operation wound, nerves and tendons. In the wrist cushion
three plastic test tubes with Philips standard calibration fluid (aqueous cop-
per sulphate solution), liquid paraffin and olive oil respectively were added.
These substances were chosen, because of their signal characteristics, their
inert nature and ample availability. With the imaging parameters used, these
substances result in signal intensities that are far apart from each other and
from the background, while still close enough to the signal intensities mea-
sured in muscle tissue. Also, we expected these tubes to force the automatic
transmitter adjustments to be in the same range with every examination. The
three calibration tubes were sealed and left unchanged throughout the entire
study. Inmost slices these plastic calibration tubes were visible, as they were
positioned close to the hand, parallel to the longitudinal axis of the hand. In
all scans image intensities along the three calibration tubes were measured,
before and after correction for intensity nonuniformities. For this purpose,
contours of the calibration tubes were drawn in all slices approximately 1mm
within the tube-air boundary, to minimize the influence of partial volume ef-
fects (Figure 2.2b). To evaluate the effect of image intensity nonuniformity
correction, the standard deviations of image intensities of all voxels along a
tube were computed and compared.
The image intensities of the tubes with watery copper sulphate solution and
liquid paraffin were used to calculate a calibration factor, by dividing a con-
stant reference value by the difference of the mean image intensities of both
tubes. Subsequently, the image was normalized, by linearly scaling the image
intensities of all voxels according to this calibration factor. Hence, the mea-
surements in the tube with olive oil could be calibrated. The olive oil tube was
chosen as primary target, as of the three tubes, the signals measured in this
tube were the closest to signals measured in muscle. To assess reproducibility
of the measurements in time, noise characteristics for the calibrated measure-
ments in the tube with olive oil were determined. Reproducibility is defined
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FIGURE 2.2: a The wrist cushion used for hand scans, containing three
sealed calibration tubes with aqueous copper sulphate solution, olive oil
and liquid paraffin. This cushion exactly fits the knee coil and assures that
a hand is placed in the coil center. b Scan of the right midhand of a patient
with an ulnar nerve lesion in the forearm. The calibration tubes with the
drawn contours are shown. Note that the denervated mm. interossei, m.
adductor pollicis and the hypothenar muscles have higher image intensity

than the unaffected thenar muscles.

as the standard deviation of the measurements in time. As image intensities
measured in STIR MRI are unitless, these standard deviations are expressed
as a percentage of the mean measured value. The respective T1 and T2 relax-
ation times in ms of the phantom fluids were 150 and 70 (liquid paraffin), 180
and 100 (olive oil), 307 and 310 (copper sulphate solution), or comparable to
tissues encountered in the human extremities. Electrical loading of the knee
coil when using the large phantom was comparable to that when loaded with
a wrist and small phantoms.
Finally, over a one-year period, 15 hand scans were obtained in a healthy vol-
unteer to assess image intensity variation in normal muscle tissue. Further-
more, to estimate the magnitude of the image intensity increase caused by
denervation, in five patients with surgically confirmed ulnar nerve lesions,
scans were acquired three months after injury. At the time of acquisition,
none of these patients showed clinical signs of reinnervation. Image inten-
sities in denervated intrinsic hand muscles were measured and compared to



2.2. Materials and methods 25

normal muscle by calculation of the Signal Intensity Ratio (SIR). The SIR was
defined by the formula: SIR = (SI of abnormal muscle - SI of background)/(SI
of normal muscle - SI of background).

2.2.5 Statistical analysis

For statistical analysis, SPSS 14.0 for Windows (SPSS Inc., Chicago, IL, USA)
was used. Differences between the nonuniformity correction methods with
one, three and eleven phantom scans were, after assuring a normal distribu-
tion with the Shapiro–Wilk test, tested for significance using the paired t-test,
by comparing differences in standard deviations.
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2.3 Results

2.3.1 Local image intensity nonuniformity correction

Scans of phantom and coil were acquired at 11 different left– right positions.
These scans show that within a transverse slice obtained in the center of the
MRI, considerable image intensity variation occurs in the x–y-plane. Local
intensity variations up to 6% were measured within a radius of 7.5 cm from
the slice center (Figure 2.3). At the phantom edge, at 0.7 cm distance from
the edge and near the coil antennas, image intensity locally even dropped to
72% as compared to intensity at the coil center. These antenna artifacts were
visible within 2.9 cm distance from the outer phantom edge. It was observed
that the pattern of this image intensity nonuniformity was dependent on the
z-position and the left–right position of the knee coil and phantom on the
examination table. We observed the same pattern in extra phantom scans,
acquired 4 weeks later.

FIGURE 2.3: Scan of our homogeneous phantom to assess image nonunifor-
mity. To the left the original image is shown with automatic adjustment of
grayscale and contrast. To the right, the same image is shown with 3x en-
hanced contrast to visualize subtle differences. It can be seen that area A has
a higher signal intensity than area B. Although not obvious in the original
image, image intensity of area B is only 94% of the intensity in area A. It can
also be seen that the coil antennas give local intensity distortions near the

edges.
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Measuring image intensities in scans of our phantom also showed that the
use of the knee coil, as expected, results in considerable signal falloff in the
z-direction. Using our setup, in transverse slices acquired at z = 3 cm distance
from the coil center, we found that image intensity was reduced to 95%, while
at z = 5 cm from the coil center signal intensities dropped to 85% (Figure 2.4).
It was found that left–right positioning of our knee coil also resulted in local
signal variations, although less distinct, from 2% at 2cm distance from the
center to approximately 5% near the edges of the coil (Figure 2.4).

FIGURE 2.4: Image intensities measured in the centers of transverse phan-
tom slices along the z-axis, with middle slice set to 100%. Slices towards the
ends of the knee coil yield considerable lower image intensities. At 5 cm
from the center, only 85% of the image intensity remains. The 11 different
curves depict the measurements in the same phantom, when the knee coil
with phantom is positioned from the far right of the examination table to
the far left in steps of 3.0 cm. It can be seen that left–right movements easily

can result in 3% image intensity variation, even close to the center slice.

The obtained phantom scans were used for image intensity nonuniformity
correction of the patient scans. In a period of over 3 years, 190 clinical STIR
scans of hands and calibration tubes were obtained using our standardized
protocol. In these scans the calibration tubes were identified and contours
drawn (Figure 2.2b). First, noise characteristics for the used sequence in our
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scanner were determined. In 3,872 out of a total of 4,370 acquired images,
the calibration tubes were visible. These images were analyzed separately
and the standard deviations of the image intensities in the different homoge-
neous calibration tubes were determined per slice. On average, in each slice
193 pixels per tube were assessed. In our image intensity measurements, a
mean standard deviation of 2.9% and a signal-to-noise ratio (SNR) of 34.4
were found.
In Figure 2.5 the effect of nonuniformity correction along the calibration tube
with olive oil is illustrated. Subsequently, the effect of nonuniformity cor-
rection with our phantom scans was assessed. For this purpose, per scan all
image intensities measured along the tubes in the 23 slices were pooled and
standard deviations calculated. The effect of nonuniformity correction was
evaluated by comparing the standard deviation of intensities in the tubes in
all 190 patient scans before and after image correction. Image correction was
performed three times, by using 1, 3 and 11 phantom scans respectively. For
the original, uncorrected scans a mean standard deviation of 4.71%, with a
standard error (SE) of 0.19% in the calibration tubes was found. After image
correction with one phantom scan, the mean standard deviation was 4.04 (SE
0.10%). After correction with 3 and 11 phantom scans, respectively 3.88% (SE
0.09%) and 3.59% (SE 0.13%) were found (Table 2.1).

FIGURE 2.5: Image intensity along a calibration tube. Circles before nonuni-
formity correction with the phantom. Squares after correction with the

phantom.
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TABLE 2.1: Results of image intensity nonuniformity correction with 1, 3
and 11 phantom scans. Image intensities along calibration tubes in 190
scans (4370 slices, on average 2800 voxels per tube) were measured. The
phantom scan closest to our subject was used for image correction. Cor-
rection with 1 phantom scan obtained in the center, reduces the mean
standard deviation from 4.71% to 4.04%. Nonuniformity correction us-
ing more phantom scans obtained at different positions slightly further

improves the mean standard deviation.

Number of phantom scans used Original 1 3 11

Mean Standard deviation (%) 4.71 4.04 3.88 3.59
Standard Error of the Mean (%) 0.19 0.10 0.09 0.13

The differences between the three correction methods were tested for signif-
icance using the paired t-test, by comparing the standard deviations (Table
2.2). A significant difference was found between the original scan and all
corrected scans (P < 0.0001). Between image correction with one and three
phantom scans no significant difference was found (P = 0.277). Comparing
the results of nonuniformity correction with 11 phantom scans to the results
of correction with 1 and 3 scans, yielded significant differences (P < 0.0001
and P = 0.0014, respectively).

TABLE 2.2: Results of statistical analysis of nonuniformity correction (p-
values). The mean standard deviations in image intensity in the calibra-
tion tubes after correction with 1, 3 and 11 phantom scans were compared
using a paired t-test. Significant differences were found between the orig-
inal image and all corrected images. Also a significant difference was
found between correction with one and with 11 phantom scans. Using
three phantom scans instead of one did not result in a significant improve-

ment.

Used phantom scans 1 3 11

0 (Original Image) <0.0001 <0.0001 <0.0001
1 - 0.277 <0.0001
3 - - 0.0014
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In Figure 2.6 the distribution of left–right patient positions is shown. Only
51% of the patient scans could be acquired within 4.5 cm distance of the
magnetic field center. The remaining 49% were positioned further from the
center, as the surgical wound, accompanying injuries, use of casts or patient
anatomy limited patient mobility.

FIGURE 2.6: Distribution of 190 patient scan left–right positions, expressed
as number of scans per selected phantom. Phantom scan number 6 is in the
magnetic field center, the other scans are positioned at multiples of 3 cm
distance from this slice. For correction with three phantom scans, only scan

numbers 3, 6 and 9 were used.

2.3.2 Reproducibility

In a period of over 1,200 days, 190 patient scans were acquired. After per-
forming image intensity nonuniformity correction on all images, using our
11 phantom scans, intensities in the three calibration tubes were measured
(Figure 2.7). To evaluate whether shifts in time occurred, for instance due to
chemical reactions of the fluids in the test tubes, linear regression lines were
computed. For the tube with standard calibration fluid, a slope of 0.000702%
(r = 0.066, P = 0.38) per day was found. For the tubes with olive oil and fluid
paraffin, the slopes computed were respectively 0.0011% (r = 0.10, P = 0.30)
and 0.00015% (r = 0.016, P = 0.83) per day. Per scan, the mean image inten-
sities in our calibration tubes filled with aqueous copper sulphate solution
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and liquid paraffin were used to compute a calibration factor, with which the
signal in olive oil was calibrated. Finally, to assess reproducibility in time,
the calibrated measurements in olive oil were used to determine the stan-
dard deviation. Before calibration, this standard deviation was 7.79%. After
calibration, the standard deviation; hence reproducibility, was 6.44%. In a
healthy volunteer, 15 hand scans were obtained during a one-year period.
After postprocessing and calibration, the standard deviation of image inten-
sities measured in normal muscle was 6.6%. In five patients with complete
traumatic ulnar nerve lesions in the forearm, hand scans were obtained three
months after injury. A mean signal intensity ratio of 1.49 (±0.12) was found
for denervated muscle, meaning a 49% image intensity increase compared to
normal muscle.

FIGURE 2.7: Image intensity measurements in the calibration tubes over a
period of 3 years. A total of 190 scans was acquired.
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2.4 Discussion

In clinical practice, as well as in this study, usually the orientation of the scans
is manually set by the operator to obtain a good anatomical view. Therefore,
different points in the resulting images can be farther from and closer to the
center of the coil. When measuring image intensities, it is known that this can
result in considerable signal differences within the same image, especially in
the z-direction. Our measurements in a 20 cm diameter phantom show that,
using a 20 cm RF coil, at 5 cm distance from the center of the coil already
15% loss of signal occurs. As our objective is to measure image intensities in
intrinsic hand muscles, the area of interest is approximately 10cm long. So,
even in a relatively small body part and under optimal measurement con-
ditions, considerable image intensity variation occurs. Suboptimal patient
positioning may result in an even larger signal drop. Therefore, correction
for intensity falloff is necessary.
The phantom scans also showed that, although the 20 cm RF coil was tuned
within the manufacturer’s specifications for clinical use, image intensities in
the x-y-plane can easily vary by 6%. Positioning the coil containing the phan-
tom from left to right on the examination table resulted in remarkable local
differences in image intensity, of which the pattern was dependent on the po-
sition. These local image intensity variations are not likely caused by fluid
motion, as scans of the phantom obtained several weeks later showed the
same intensity pattern, repositioning was performed extremely carefully and
the phantom was stored at room temperature. A more plausible cause for
image intensity variations in the x-direction may be non-uniform sensitivity
of the receive-only knee coil. Other factors, such as the quality of shimming
(B0) and B1 variation of the body transmitter coil may have contributed to
the signal variation in the x-direction. It was also observed that within 2.9
cm of the phantom edge, distinct coil antenna artifacts were visible, stressing
the importance of placing the examined body part not too close to the coil.
Therefore in our wrist cushion the calibration tubes were placed at least at
3.2cm distance from the coil antennas. The inhomogeneity results reported
here should not be interpreted as an outcome valid for any clinical MRI sys-
tem. A protocol is provided that can be reproduced on any other MRI scanner
to establish the particular inhomogeneity corrections needed there.
Measuring image intensities in the calibration tubes in all 3,872 slices sepa-
rately, showed a mean standard deviation of 2.9% in the ROIs. As slice orien-
tation was approximately perpendicular to the calibration tubes, in each slice
the ROIs in the calibration tubes were relatively small (on average 193 pixels
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per ROI). Hence, it is likely that most of this 2.9% variation is caused by noise
and not by local nonuniformities. The maximum result of image intensity
nonuniformity correction will, therefore, likely be limited to this value.
It was investigated whether corrections with phantom scans acquired at dif-
ferent positions could improve nonuniformity correction. Measurements along
our calibration tubes show that image correction improves accuracy of the
measurements, as the standard deviation of our measurements significantly
improved from 4.71 to 4.04% using one phantom scan. Using three phantom
scans for correction did not result in a significant further reduction. How-
ever, using phantom scans acquired at 11 different positions resulted in a
superior nonuniformity correction, as the standard deviation improved to
3.59%. Although this seems a modest improvement at first, as mentioned,
the minimum standard deviation that can be achieved after nonuniformity
correction is approximately 2.9%. Corrected for this minimum this is a re-
duction of nonuniformity by 60%. Correction with one phantom scan ac-
counts for the largest part of this improvement, while using more phantom
scans gradually appears to further improve results. This is as expected, since
from Figure 2.4 it is clear that nonuniformity along the z-axis is much higher
than in the x-direction. Using one phantom scan will compensate for a large
part of the signal falloff, leaving mainly local nonuniformities. Using more
phantom scans then partially further corrects these smaller remaining image
intensity variations. Calibration tubes positioned in the center of the coil only
suffer from signal falloff at both tube ends (Figure 2.5), causing little increase
in standard deviation. When measuring image intensities in hand muscles,
however, nonuniformity correction may play a significantly larger role as not
all muscles are situated near the coil center.
Although our protocol aimed at positioning the patient’s hand in the coil
center, from Figure 2.6, it can be seen that this was not feasible in a large por-
tion of the patients. As patient positioning is especially difficult shortly after
surgery, when wound and tendons have not healed yet, this would mean that
predominantly the first measurements would be less accurate. This is highly
undesirable, as we want to follow patients in time and a good baseline mea-
surement is needed. Therefore, under clinical conditions, correction using
one phantom scan does not seem to be sufficient. Our results show indeed
that correction using 11 phantom scans yielded significantly better results.
A disadvantage of our technique is that acquiring the phantom scans took
about 11 h. However, this had to be performed only once, after which the
scans could be used for 3 years. Therefore, apart from the time investment
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at the start, we consider this a practical and feasible method. Another disad-
vantage could be that all scans need to be acquired on the same system, using
the same RF coil. As the spatial resolution of our measurements is quite ade-
quate on our 1.5T scanner, there is no need to use scanners with higher field
strengths for our measurements and our standard clinical scanner could be
used. Combined with the very short acquisition time, in practice we experi-
enced no planning problems. Changes in the acquisition system could also
cause problems. Over the period of 3 years the scanner software was updated
twice. We did not observe any effect of these on our measurements. During
the period of this study, the magnetic field was shut off once for maintenance;
no influence on the measurements was observed. However, we expect that
hardware changes, for instance replacement of a defect RF coil, could require
the acquisition of new phantom scans.
Image intensities in three calibration tubes were measured over a period of
3 years. From the small slopes of the regression lines through these mea-
surements and also in Figure 2.5 it can be seen, that during this time period
no significant shifts occur. The three calibration fluids chosen therefore are
appropriate for comparison in time, as we expected from their inert nature.
Scans obtained at different moments in time are likely to show variations in
image intensity, caused by automatic scanner adjustments and shifts in elec-
tronics. Therefore, calibration with a known reference is needed to be able to
compare different scans. Our results show that using calibration tubes with
paraffin and standard calibration fluid can be used for this purpose. Repro-
ducibility was improved by this calibration, as the standard deviation of our
measurements was reduced from 7.8 to 6.4%. One reason for such a modest
improvement could be that the scanner’s automatic transmitter adjustments
are already forced to be in the same range in each scan, as the signals of the
calibration tubes are far apart.
In current practice, quantitative T2 relaxation time measurements are being
used for quantifying fluid shifts, as these are generally considered to be more
stable than STIR measurements. It has been reported, that long-term repro-
ducibility for T2 measurements in 1.5T systems is between 6 and 9% (19). Our
results show that, using our standardized method, STIR measurements have
a reproducibility of 6.4%, which is similar to that found for T2 measurements.
Therefore STIR sequences, given their higher sensitivity for detecting muscle
denervation, appear to be promising for monitoring fluid shifts and hence
monitoring of the nerve regeneration process.
The image intensity of healthy hand muscle seems to fluctuate less than we
expected, as measurements in a healthy volunteer show that reproducibility
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found for these in vivo measurements was remarkably similar to the repro-
ducibility found for the calibration tubes (6.6 and 6.4%, respectively). There-
fore, it seems that, in a healthy subject, the intensity variations to a large
extent are induced by technical limitations and not by biological factors, such
as for instance changes in blood perfusion. These results suggest that normal
muscle can be used for comparison with denervated muscle. However, in
patients with traumatic nerve lesions, also wound edema and lack of muscle
use may cause more variation, hence further research is needed.
The denervated muscles in five patients with ulnar nerve lesions show an
image intensity increase of 49% when compared to normal muscle. As repro-
ducibility of our method is only 6.4%, reliable differentiation between healthy
and denervated muscle seems feasible. Furthermore, monitoring nerve re-
generation with STIR scans may come within reach.

2.5 Conclusions

For semi-quantitative measurement of image intensities in STIR sequences,
image intensity nonuniformity correction is required. As in many patients
with severe forearm trauma the hand cannot be positioned exactly in the cen-
ter of the magnetic field, it is necessary to correct image intensity nonunifor-
mity with phantom scans obtained at different left–right positions. Correc-
tion with eleven phantom scans results in a significantly better nonunifor-
mity correction than when only one phantom scan is used.
Using a standardized acquisition method and image intensity nonuniformity
correction with multiple phantom scans, we found that image intensity mea-
surements in clinical STIR sequences have a reproducibility of 6.4%, which
is similar to the reproducibility reported for quantitative T2 relaxation time
measurements. Therefore, the faster STIR measurement may be an alterna-
tive to T2 quantification, if stability of the system is assured using a strict
protocol as suggested in this work. Using our method, one may compare
STIR image intensities in time and therefore use them as a clinical method to
monitor fluid shifts.
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