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Chapter 3

MR intensity measurements of
nondenervated muscle in
patients following severe
forearm trauma

Abstract
Object: Fluid increases resulting in higher MRI signal intensities in T2-weighted and
short tau inversion recovery (STIR) sequences can be used to diagnose nerve injury.
By comparing the signal intensities over time, MRI may become a new method for
monitoring the healing process. Muscle edema is assessed by comparing the signal in-
tensity of affected muscle with that of nonaffected muscle. However, in severe forearm
trauma, the signal of nondenervated muscle may also be increased by wound edema,
thus masking the effect of denervation.
Methods: Hence, the purpose of this study was to investigate the influence of wound
edema on muscle signal intensity in 29 consecutive patients examined on a 1.5-T MRI
scanner at 1, 3, 6, 9 and 12 months after severe forearm trauma. The long-term course
of wound edema and the influence of wound distance were thus investigated using a
standardized imaging, calibration and post-processing protocol. The signal intensities
of nondenervated intrinsic hand muscles were measured in the affected and contralat-
eral sides.
Results: Muscle signal intensities were increased on the trauma side at 1 and 3 months
(18% and 7.4%, respectively; p<0.001) and normalized thereafter. In the contralateral
hand, no significant signal changes were seen. No relationship was found between
wound distance and the severity of wound edema.
Conclusions: This study shows that wound edema influences muscle signal intensity
comparisons in patients with forearm trauma. When comparing denervated muscle
with nondenervated muscle, an additional scan of the contralateral side is indicated
during the first 6 months after trauma to assess the extent of wound edema. After 6
months, the ipsilateral side can be used for muscle signal intensity comparisons.
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3.1 Introduction

MRI has been demonstrated to be a useful aid in the diagnosis of a number of
pathological muscle conditions caused by, for example, peripheral nerve in-
jury, polymyositis, vasculitis, idiopathic inflammatory myopathy or Graves
disease (1–7). In these diseases, MRI is used only to visualize fluid increases
in muscle, such as those found in inflammatory processes and denervation
(1,2,6,8–13). In the case of peripheral nerve injury, the signal intensity is al-
tered in the denervated target muscles as, after denervation of a muscle, var-
ious histochemical changes take place, including an increase in extracellular
fluid and enlargement of the capillary bed (7,14–19).
In many cases, patients with traumatic transection of the peripheral nerves
have already received a diagnosis via clinical examination, surgical explo-
ration and subsequent nerve repair. Therefore, the potential role of muscle
MRI is more likely to be follow-up rather than diagnosis. These patients may
benefit from monitoring, as surgical reintervention may be indicated when
reinnervation fails (20–24). As denervation results in higher signal intensity
of the target muscle in T2-weighted sequences and short tau inversion recov-
ery (STIR) sequences, the (semi)quantitative measurement of this intensity
over time could provide more information on the healing process (9,14,25,26).
In other muscle diseases, it would be useful if, for example, the effect of treat-
ment could be measured objectively. To compare signal intensities over time,
the use of a (semi)quantitative approach is preferable, as little is known about
the long-term changes in muscle signal intensity after nerve injury, and subtle
changes in signal intensity could be easily missed using visual comparisons,
especially in the presence of distracting wound edema.
Usually, when quantitative signal intensity measurements in MRI are nee-
ded to assess fluid increases, T2 relaxation times are measured (27). How-
ever, STIR sequences have been reported to have a higher sensitivity than
T2-weighted sequences in depicting denervation, because of their superior
fat-suppressive qualities, thus emphasizing fluid and pathology (9,14,25,28).
Unfortunately, STIR sequences are not readily suited to absolute measure-
ments because of the large number of factors that influence the final result.
Therefore, we have developed a standardized approach for measuring sig-
nal intensities in STIR images by applying a semi-automatic image intensity
nonuniformity correction and calibration, using a phantom and calibration
tubes. This method can be implemented easily in a clinical setting. Previous
research in phantoms has shown that our approach has a long-term repro-
ducibility that is similar to the reproducibility reported for T2 relaxation time
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measurements (29,30).
To assess muscle edema, the signal intensities of denervated muscles are often
compared with those measured in normal muscles. However, it is not clear to
what extent wound edema after forearm trauma and subsequent surgery in-
fluences normal muscle signal intensity in STIR sequences, and whether local
muscles in the affected hand can be used as a comparison for the monitoring
of nerve regeneration, or whether a scan of the contralateral side is required.
Edema after a tibia fracture was reported to last from 18 to 104 weeks (31).
However, to our knowledge, the long-term course of wound edema after se-
vere trauma of the forearm has not been documented, and the effect of wound
location on edema is still unclear. Furthermore, it has been suggested that
changes on the contralateral side may also occur as a result of compensatory
hypertrophy or systemic histochemical or neurogenic mechanisms (32,33). To
investigate the influence of these factors on the measured signal intensities,
the changes in signal intensity in nondenervated intrinsic muscles in the ip-
silateral and contralateral hands were measured over a period of 1 year in
patients with severe trauma of the forearm, using a standardized imaging
and post-processing protocol.
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3.2 Materials and methods

3.2.1 Study design

This prospective study included 29 consecutive patients with severe sharp
soft-tissue trauma of the forearm between the elbow and wrist crease. All pa-
tients underwent surgery within 48 h after trauma. The diagnosis was based
on the findings during exploration. At surgery, surgical reconstruction was
performed, consisting of flexor tendon and nerve repair. All patients were
followed during the first year post-trauma by obtaining standardized STIR
MRI scans of the affected midhand at 1, 3, 6, 9 and 12 months. In addition,
in all patients, one reference scan of the contralateral midhand was acquired
in the year following trauma. All images were corrected for image intensity
nonuniformity and calibrated using a standardized post-processing protocol
(30). The signal intensities in nondenervated intrinsic hand muscles were
measured and monitored over time to assess the changes in wound edema.
This study was approved by the institutional review board, and informed
consent was obtained from all patients.

3.2.2 Acquisition technique

All scans were made using a standard clinical 1.5-T MRI scanner (Gyroscan
Intera Powertrak 6000, Philips Medical Systems, Best, the Netherlands), em-
ploying the standard Philips Intera 20-cm quadrature nonphased array knee
coil. For all examinations, the same parameters were used (STIR turbo spin
echo; TR 1693 ms; TI 170 ms; TE 15 ms; 256x256 matrix; field of view, 16 cm;
turbo spin echo factor, 5; number of averages, 2; scan time, 4 min). In our de-
partment, these settings are used for the visualization of muscle denervation;
similar sequences have been described in the literature (2,9,13,34). To mini-
mize the examination time and thus to facilitate patient planning, no other se-
quences were used. The hand of a patient was centered in the knee coil using
a custom-made wrist cushion, which also contained three sealed calibration
tubes containing standard Philips calibration fluid (aqueous copper sulphate
solution), olive oil and liquid paraffin, respectively. These substances were
chosen because of their inert nature, ample availability and signal character-
istics. With the imaging parameters used, these substances result in signal
intensities that are far apart, but still close enough to the signal intensities
measured in muscle tissue (30). The tubes were sealed and the contents re-
mained unchanged throughout the duration of the entire study.
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In all patients, 23 transverse slices of the midhand were acquired (slice thick-
ness, 3 mm; interslice gap, 0.3 mm) parallel to the plane through the first and
fifth metacarpophalangeal joints and the middle of the second metacarpal
bone with the thumb placed in the neutral position. All acquired images
were stored in 16-bit DICOM format for further processing.

3.2.3 Post-processing

All scans were adjusted for local image intensity nonuniformities by correct-
ing the patient scans with scans obtained in a phantom, using a standardized
protocol (30). For this purpose, a 20-cm-diameter phantom, which fitted ex-
actly the knee coil used and contained standard Philips calibration fluid, was
scanned at 11 different left-to-right positions using the same settings as em-
ployed for our patients. To minimize temperature-induced fluid motion, the
phantom was stored in the scanner room for 2 weeks and all positioning was
performed very cautiously. After each repositioning of coil and phantom,
subsequent phantom scans were obtained at least 30 min thereafter. The rea-
son for obtaining 11 phantom scans was that, as a result of the recent tendon
repairs, the mobility of our patients was generally limited. Therefore, it was
not always possible to position the hand of the patient exactly in the center
of the MRI tunnel. As it is known that left–right positioning of the radiofre-
quency (RF) coil influences the image intensity significantly (30,35), we used
multiple phantom scans obtained at different positions to correct the patient
scans for B1 field nonuniformity.
To reduce noise, in each position, eight series of the phantom were acquired
and averaged. The resulting images were subsequently low-pass filtered in
three directions for further noise reduction. Next, the phantom scans were
normalized by defining the phantom center as 100% and scaling the scan ac-
cording to this reference point. Image intensity nonuniformity correction was
performed by dividing the patient scan by the nearest normalized phantom
scan (30). This was performed automatically with in-house-developed dedi-
cated analysis software written in C (Visual C/C++ 6, Microsoft Corporation,
Redmond, WA, USA).
Finally, from the signal intensities measured in the calibration tubes, a cali-
bration factor was calculated per scan, which, in turn, was used to linearly
scale all image intensities relative to the background.
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FIGURE 3.1: Anatomy of the intrinsic hand muscles in a slice of the mid-
hand.

3.2.4 Signal intensity measurements

To measure signal intensities in the intrinsic hand muscles, contours were
drawn using our dedicated analysis software and a commercially available
drawing tablet (Graphire, Wacom Company, Saitama, Japan). In all slices
of the midhand, the intrinsic hand muscles (Figure 3.1) were identified and
contours were drawn. As not all boundaries between individual muscles
could be defined unambiguously in the MR images, some groups of mus-
cles were clustered (Figure 3.2). This proved necessary for the median nerve-
innervated thenar muscles (the abductor pollicis brevis muscle, the opponens
pollicis muscle and the superficial head of the flexor pollicis brevis muscle)
and for the ulnar nerve-innervated interosseous muscles and hypothenar (the
abductor digiti minimi brevis, the flexor digiti minimi brevis and the oppo-
nens digiti minimi muscles). When a median nerve lesion was present, the
denervated thenar muscles were not measured; when an ulnar nerve lesion
was present, the denervated interosseous muscles, adductor pollicis and hy-
pothenar muscles were not assessed. As a result of limitations in spatial res-
olution, the lumbrical muscles were not considered.
In all the afore-mentioned muscles, contours were drawn approximately 1mm
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FIGURE 3.2: Demonstration of the contour drawing protocol used. Contours
were drawn of the calibration tubes and the thenar, hypothenar, adductor

pollicis and four interosseous muscle groups.

within the muscle boundary to minimize the influence of partial volume ef-
fects (Figure 3.2). For each muscle, the signal intensities of all voxels in the
obtained regions of interest in all 23 slices were pooled, and a mean value
was computed. To assess the effect of local wound edema on the signal in-
tensity of normal muscles in our STIR scans, signal intensities measured in
nondenervated muscles in the injured hands were compared at the different
time intervals of 1, 3, 6, 9 and 12 months after surgery. At each time inter-
val, the mean signal intensity of nondenervated muscles in the injured hands
was compared with the mean signal intensity measured in all contralateral
scans. To obtain an indication of whether these measured signal intensities
corresponded to actual wound edema, changes in the volume of the midhand
were estimated by counting all scanned hand voxels and thus computing a
volume. For each patient, the smallest measured volume was used as a ref-
erence and, for each interval, the difference in volume when compared with
this reference was determined. As the complete hand was not scanned and
the position of the scans obtained varied slightly, this was only used as a
rough estimate of the volume of edema in the midhand.
To evaluate whether any changes in the contralateral hand were detectable,
for instance caused by systemic histochemical changes or compensatory hy-
pertrophy, signal intensities in the contralateral hand were also compared
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over time. To minimize the acquisition time of all patients, one scan of the
contralateral side was made at one of the five time intervals. The mean mus-
cle signal intensity of the scans at each interval was compared with the mean
of all combined contralateral measurements.
Finally, the influence of wound location on the formation of edema was eval-
uated to determine whether wounds closer to the hand resulted in more se-
vere edema. For this purpose, the distance from the trauma wound to the
wrist crease was measured and correlated with the maximum muscle signal
intensity per patient.

3.2.5 Statistical analysis

After ensuring normal distribution of our data using the Shapiro– Wilk test,
the measured values at the five different time intervals were compared us-
ing analysis of variance (ANOVA). To investigate the relationship between
wound distance and signal intensity, regression analysis was used. For all
statistical analysis, SPSS 14.0 for Windows (SPSS Inc., Chicago, IL, USA) was
employed.
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3.3 Results

In total, 29 patients (27 males, two females) were included. The mean age
was 32.6 years, with a range from 14 to 76 years. In the year after trauma,
104 scans (2392 slices) were obtained and analyzed, which is, on average, 3.6
scans per patient. These scans were acquired at intervals of 1, 3, 6, 9 and 12
months (33, 96, 184, 276 and 369 days post-surgery, respectively, all with a
standard deviation of 10 days). A total of 18, 22, 22, 20 and 22 patients were
scanned at 1, 3, 6, 9 and 12 months, respectively. For all patients, a reference
scan was also made of the contralateral hand at one of the five intervals (four,
four, six, seven and eight examinations, respectively).
In all STIR images of the 29 patients examined at intervals of 1, 3, 6, 9 and 12
months, the intrinsic hand muscles and calibration tubes were identified and
contours were drawn. The results of the muscle signal intensity measure-
ments are listed in Table 3.1. The signal intensities of nondenervated muscles
in the affected hand divided by the mean muscle signal intensity measured in
the contralateral hand, at the five different time intervals, yielded mean rela-
tive signal intensities of 1.181 [95% confidence interval (CI),±0.076], 1.074 (±
0.065), 1.000 (± 0.045), 0.987 (± 0.046) and 0.986 (± 0.028). For the contralat-
eral hand, mean relative signal intensities of 1.021 (± 0.071), 1.005 (± 0.041),
0.995 (± 0.079), 1.005 (± 0.060) and 0.993 (± 0.053), respectively, were found
(Figure 3.3).

FIGURE 3.3: Mean relative signal intensities measured in non-denervated
muscles at different time intervals.
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TABLE 3.1: Mean muscle signal intensity over time, relative to the mean
of all contralateral measurements.

Months after trauma 1 3 6 9 12

Affected hand Number of
examinations

18 22 22 20 22

Mean rela-
tive signal
intensity

1.181 1.074 1.000 0.987 0.986

95% Confi-
dence Interval

±0.076 ±0.065 ±0.045 ±0.046 ±0.028

Contralateral hand Number of
examinations

4 4 6 7 8

Mean rela-
tive signal
intensity

1.021 1.004 0.995 1.005 0.993

95% Confi-
dence Interval

±0.071 ±0.041 ±0.079 ±0.060 ±0.053

The results of statistical analysis, the comparison of signal intensities at the
different time intervals, are shown in Tables 3.2 and 3.3. In the first month, the
mean signal intensity was found to be significantly higher than at the other
time intervals (p≤0.03) and, for the mean signal intensity at 3 months, a sig-
nificant difference from the intensities at 9 and 12 months was found (p<0.05
for both). For the intensities at 6, 9 and 12 months, no significant differences
from the later time points were found. Comparing the affected side with the
contralateral side for each interval, only a significant difference for the first
month was found (p=0.045). However, when comparing the measurements
on the affected side with the combined contralateral measurements at all time
intervals (Table 3.3), significant differences were found for the first month and
at 3 months (p<0.001 and p=0.014, respectively).
Comparison of the signal intensity measurements in the contralateral hand
at the five different time intervals did not show any significant differences
(p≥0.57 for all intervals). Figure 3.4 shows two scans acquired in a patient
with considerable edema, 1 and 3 months after surgical repair of a tran-
sected ulnar nerve. The first scan shows considerably more subcutaneous
edema than the second. As can be seen, in the first month, there was no dis-
tinct visual difference between denervated and normal muscle, whereas, at 3
months, the denervated muscles clearly showed a higher intensity. At 1 and 3
months, the signal intensity of nondenervated thenar muscle was 13% higher
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TABLE 3.2: Comparison of mean muscle signal intensities of the affected
side over time (ANOVA, p-values).

Months after trauma 3 6 9 12

1 0.030 < 0.001 <0.001 <0.001
3 - 0.059 0.031 0.040
6 - - 0.66 0.89
9 - - - 0.74

TABLE 3.3: Comparison of muscle signal intensities: affected side vs. con-
tralateral side (ANOVA, p-values).

Months after trauma 1 3 6 9 12

Compared per interval 0.045 0.35 0.84 0.63 0.90
Compared to all measurements < 0.001 0.014 0.972 0.558 0.869

than on the contralateral side, and normalized in the sixth month, suggesting
that, in this patient, after 6 months no wound edema was present. Using our
standardized method, the measurement of signal intensities in this patient
showed that the denervated muscles, on average, had 13.3% higher intensity
in the first month than the thenar muscles. At 3 months, a difference of 58.4%
between denervated and normal muscle was measured. As an estimate of
the actual edema volume, all scanned hand voxels were combined to com-
pute volume differences over time.
When compared with the minimum scanned volume per patient, at the five
time intervals, volume increases of 22.8 ml (SD,± 14.6 ml), 4.77 ml (± 9.7 ml),
5.9 ml (± 12.4 ml), – 0.11 ml (± 4.7 ml) and 5.5 ml (± 10.3 ml) were found
(Figure 3.5). Midhand volumes in the first month were found to be signif-
icantly different from those at the other time intervals. As hands were not
scanned entirely and slice positioning varied, these measurements are mainly
shown for illustrational purposes. Regression analysis of wound location ver-
sus muscle signal intensity yielded a regression line of y=0.0018x+1.180 (with
correlation coefficient r=0.11 and p=0.67) (Figure 3.6).
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FIGURE 3.4: Images of a patient with an ulnar nerve lesion to demonstrate
the influence of local wound edema. (a) Scan one month after surgery. Note
the distinct hand swelling and that almost no intensity difference between
the denervated interosseous muscles and non-denervated thenar muscles is

visible. (b) The same area 3 months after trauma.

FIGURE 3.5: Scanned volumes of the midhands over time, computed by
adding all hand voxels. Per patient the smallest scanned volume was de-
termined and differences with the scans at other time intervals shown. Al-
though this is a rough estimation, it can be seen that volumes measured at
the first month post trauma were significantly larger, which is consistent

with the increased intensities found in hand muscles.
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FIGURE 3.6: Correlation of wound location and wound edema, all mea-
surements at the first month after trauma (n=18). No apparent relation was

found.
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3.4 Discussion

MRI may provide a new diagnostic tool for the monitoring of nerve regen-
eration after traumatic nerve transection by visualizing the increase in extra-
cellular fluid in denervated muscle and comparing muscle signal intensities
over time. For MR monitoring of muscle abnormalities after denervation, the
intensities of affected muscles need to be compared with a normal reference.
In the case of a transection of a median or ulnar nerve in the forearm, the den-
ervation of intrinsic hand muscles occurs. For comparison, nondenervated
muscles in the affected hand can be chosen as a reference or, alternatively, the
corresponding muscles in the contralateral hand. However, the former may
be influenced by local wound edema, whereas, in the latter, neurologic or sys-
temic histochemical changes, or compensatory hypertrophy, could influence
the signal intensity (18,32,33). Our results show that, in the ipsilateral hand,
there is, indeed, a significant mean signal intensity increase of 18% (95% CI,
10–26%) in nondenervated muscle in the first month, caused by the presence
of wound edema. At 3 months, this edema still results in a 7% increase in
intensity. After 6 months, the wound edema seems to have resolved com-
pletely, suggesting that, after this time, the muscles in the affected hand can
be used as a reference, whereas, until that time, an additional scan of the con-
tralateral side could be useful to assess the influence of local wound edema
on signal intensity.
Ideally, both hands would be scanned simultaneously in a small RF coil.
However, because of the frequent presence of surgically repaired flexor ten-
don lesions, extension of the wrist is highly undesirable in the first months
after surgery. Therefore, it often is not possible to position the hand in the
center of the magnetic field, let alone to place both hands in an RF coil at
the same time, together with calibration tubes. The use of surface coils does
not provide a solution in this situation, because the inherent B1 field inho-
mogeneities cause severe image intensity nonuniformities which cannot eas-
ily be corrected for. Therefore, in the present study, scans of the affected
hand and the contralateral side were acquired separately using a standard
20-cm knee coil, and were corrected for image intensity nonuniformity us-
ing phantom scans and calibrated using calibration tubes. Previous research
has shown that the long-term reproducibility for these standardized mea-
surements is 6.4%, similar to that found for quantitative T2 relaxation time
measurements (29,30), and well within the 18% signal increase found in the
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first month. However, the use of a slightly larger RF coil could facilitate pa-
tient positioning and eliminate the need to acquire an additional scan by scan-
ning both hands simultaneously. This could further improve the accuracy of
the measurements. More research on this matter is needed.
Signal intensity measurements on the contralateral side showed no signifi-
cant changes over time, suggesting that systemic histochemical or neurogenic
changes, if any, and compensatory muscle hypertrophy, do not result in sig-
nificant signal intensity shifts. However, as sample sizes per interval were
small, with only four scans in different patients at 1 and 3 months, these re-
sults could be biased. Nevertheless, as no time dependent effects were seen
at all, we expect that, if any systemic changes are present, these will not in-
fluence the measured signal intensities to a great extent.
Looking at the midhand volumes measured in the affected hands over time,
it can be seen that, in the first month, the mean scanned volume increased
by 22.8 ml. From Figure 3.4a, it can be seen that this is probably caused by
the presence of wound edema, increasing predominantly the subcutaneous
space. At 3 months or later, no clear volume increase was seen. For post-
operative hands after carpal tunnel decompression, a mean swelling of 13
ml was reported at 5 days after surgery (36). As the patients in the present
study had considerably more severe injuries, an increase of 22.8 ml in the first
month seems a realistic estimate. However, as hands were not scanned en-
tirely and the scan orientation varied to some extent, as survey planning was
performed manually by the operator, these volume measurements must be
considered as a rough indication. Nevertheless, Figs. 3.4 and 3.5 both show
a distinct volume increase in the first month, suggesting that the increased
signal intensity in nondenervated muscles in the affected hand is caused by
wound edema. At 3 months, no volume increase was detected, but the sig-
nal intensity was still increased by 7%, suggesting that STIR may be able to
detect very subtle fluid increases.
From measurements in the patient with transection of the ulnar nerve (Fig-
ure 3.4), the denervated muscles showed a 13% increase in the first month
and a 58% increase at 3 months relative to nondenervated thenar muscle. To
determine whether the small signal difference in the first month was caused
by a higher signal in nondenervated muscle, because of the clearly present
wound edema, or whether the muscle changes induced by denervation took
a longer period of time to develop, the calibrated images at both times were
compared. For this patient, it was found that the signal intensities of the
thenar muscle were nearly identical, with an intensity increase of 13% at both
time intervals, showing that the small difference found at 1 month probably
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was not caused by a masking effect of local edema and that, apparently, the
histochemical changes that take place in muscle after denervation advance
for several months.
Finally, the influence of wound distance was investigated by comparing the
wound-to-hand distance with the maximum signal intensity measured in
nondenervated hand muscle. The results of regression analysis yielded no
evidence for a relationship between wound location and the severity of wound
edema.
A limitation of the present study may be that, in patients with severe forearm
injury, nerve injury is often present. It is known that intrinsic hand muscles
may possess double innervation as, in some cases, connections exist between
the median and ulnar nerves (Martin–Gruber and Marinacci anastomosis).
In theory, when nerve transection occurs proximal to this anastomosis, in-
nervation of a double-innervated target muscle may be influenced, as it only
receives signals from one of its two nerves. However, in all patients with a
nerve transection, physical examination showed normal muscle strength of
all nondenervated muscles, and visually no differences were observed be-
tween individual muscles. Therefore, it seems unlikely that such an anas-
tomosis influences signal intensity measurements. Nevertheless, further re-
search on this subject may be needed.

3.5 Conclusions

In the first months following severe forearm trauma, STIR signal intensity in
nondenervated muscles is increased, most probably as a result of the occur-
rence of wound edema. After 6 months, the signal normalizes, suggesting
that wound edema has resolved. On the basis of our results, when compar-
ing denervated muscle with nondenervated muscle, an additional scan of the
contralateral side is indicated during the first 6 months after trauma to assess
the extent of wound edema. After 6 months, the ipsilateral side can be used
for muscle signal intensity comparisons.
The signal intensity difference between denervated and nondenervated mus-
cle seems to increase for several months after trauma. In the contralateral
hand, no evidence for time dependent signal intensity changes was found,
suggesting that any systemic or neurogenic changes, or contralateral hyper-
trophy, do not influence signal intensity. No relation was found between
wound distance and the maximum measured signal intensity, and thus the
severity of wound edema.
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