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Low Sensitivity of Clinical MR
Imaging to Small Changes in the
Concentration of
Nonparamagnetic Protein

This study attempts to determine the magnitude of change in the concentration of a
nonparamagnetic protein (human serum albumin) required to effect a detectable change
in signal intensity on a clinical imaging unit. For a range of protein concentrations from
0-6100 mg/dl the concentration could not be predicted by inspecting the images.
Measurement of displayed signal intensity failed to distinguish concentrations of 0.09-
3700 mg/dl, while 6100 mg/dl gave slightly higher intensity signals. Although this low
sensitivity represents expected behavior for low concentrations, the failure to differen-
tiate the higher concentrations implies limitations imposed by clinical imaging tech-
niques.

Our results suggest that additional factors, such as paramagnetic material and motion
as well as differences in protein concentration, may be involved in the MR signai
intensities observed in pathologic CSF and cystic CNS collections.

Cystic lesions of the CNS are now being evaluated with MR imaging at every
opportunity. Fluid-containing structures demonstrate prolongation of T1 and T2
when compared with brain or spinal cord parenchyma [1, 2]. The signal character-
istics of fluid within these cystic collections suggest a shorter T1 than CSF (Fig. 1).
There often is a higher protein concentration in these collections than in normal
CSF. This has led to the postulate that the signal-intensity variations are a result
of the higher protein concentrations of the cyst fluid than are found in CSF [1, 3].
The influence of dissolved protein on solvent proton MR relaxation rates has been
thoroughly characterized for aqueous solutions [4-18]. As the protein concentration
increases there is an increase in the rapidly relaxing water fraction. This will shorten
both T1 and T2. However, the concentrations of protein required to effect significant
changes in relaxation rates have not been correlated with the range of clinically
relevant protein concentrations. This lack of documentation has led to speculation
that small changes in protein concentration, on the order of tens to hundreds of
mg/dl, may cause profound changes in signal intensity on clinical images [1, 3].
Since this suggests far greater sensitivity to small changes in concentration than
have been observed with laboratory data [4-18] we constructed a study to address
the question: Can experienced observers reliably recognize and rank small differ-
ences in protein concentration by inspecting hard-copy images generated with
routine clinical pulse sequences?

Materials and Methods
Protein Solutions

Normal saline and human serum albumin were combined to prepare a series of protein
concentrations ranging from 0-6100 mg/dl. Protein concentrations were determined by clinical
laboratory methods.
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Phantoms

The protein phantom consisted of 12 plastic tubes, each filled with
one of the solutions and arranged in random order with respect to
protein concentration (Fig. 2). The diameter of each tube was 2 cm.
A uniformity phantom consisted of a basketball filled with a copper
sulfate solution (Fig. 3).

Phantom Scanning

The phantoms were scanned on a clinical 1.5-T GE Signa MR unit.
The pulse sequences had a repetition time (TR) = 600 msec, echo
time (TE) = 25 and 50 msec with four signal averages or TR = 2500
msec, TE = 25, 50, 75, and 100 msec with two averages. The field
of view was 32 cm and the matrix 128 x 256. This yielded a nominal
pixel size of 2.5 X 1.25 mm. Thus, the cross-sectional area of each
tube corresponded to approximately 100 pixels.

Image Signal Intensity Determinations

Objective.—By using the region-of-interest signal-intensity func-
tion, the intensity of each tube was measured for each pulse se-
quence. A square region of interest was used with the largest area
that would fit completely within the circular cross section of the tube.
A background value was derived by averaging the intensity of air at
seven points around and between the tubes.

Subjective.—The images resulting from each pulse sequence were
photographed at a variety of window and level settings. The images
were reviewed independently by five neuroradiologists experienced
in MR without knowledge of the protein concentration. Each reviewer
ranked the intensity of each tube for each set of pulse-sequence
parameters from 1 (lowest intensity) to 12 (highest). The rankings
were averaged for each cylinder, and the results for the TR = 600,
TE = 25 and TR = 2500, TE = 100 parameters are presented in
Table 1.

Results

The images derived from the TR = 600 msec, TE = 25
msec and TR = 2500 msec, TE = 100 msec pulse sequences
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Fig. 1.—Coronal spin-echo images
of parasagittal subdural empyema.

A, Early-echo image, TR = 2500
msec, TE = 30 msec. Collection
(straight arrow) has higher signal inten-
sity than ventricular fluid (curved ar-
row), suggesting shorter T1 of the for-
mer.

B, Later-echo image, TR = 2500
msec, TE = 80 msec. Both collection
and CSF appear much brighter than
brain, but there is very little contrast
between CSF and empyema.

are displayed in Figure 2. Although the protein concentrations
ranged from 0.09-6100 mg/dl there was little consistent
change in signal intensity. Cylinder E had the highest protein
concentration and appeared slightly more intense than the
other solutions on images derived from all pulse-sequence
parameters. Cylinder E was the only solution for which the
signal intensity clearly correlated with the protein concentra-
tion.

An image of the copper sulfate phantom is reproduced in
Figure 3. When wide windows were used (as for clinical
images) the image appeared reasonably uniform. However,
when the windows were narrowed drastically, as was nec-
essary to detect the small differences in signal intensity among
the protein cylinders, the nonuniformity of the field became
apparent. Most importantly, we noticed that the relative signal
intensities of the protein cylinders in Figure 2 paralleled the
relative signal intensities at various positions in the head coil
in Figure 3. This indicates that the intensity differences in
Figure 2 were largely caused by the inhomogeneous response
of the coil rather than by intrinsic differences in the relaxation
behavior of the protein solutions.

Figure 4 plots the measured net signal intensity (signal —
background) against protein concentration for the shortest
and longest spin-echo sequences. The pattern is similar to
Figure 2, demonstrating wide scatter at the lower protein
concentrations. The highest-concentration solution (cylinder
E) has a consistently higher signal intensity than the other
solutions. Even at this high concentration the higher signal
intensity may to some extent represent artifact. Cylinder E
was positioned in a high-intensity region of the coil (Figs. 2
and 3). The extremely flat shape of the curves in Figure 4
suggests that there is very little sensitivity to changes in
protein concentration of up to 3700 mg/dl and perhaps higher.
This implies that there are only very small changes in signal
intensity between the different solutions and that these
changes are easily obscured by noise and by the inhomoge-
neous response of the clinical unit at various positions in the
field.



AJNR:8, November/December 1987

Fig. 2.—Short (TR = 600 msec, TE
= 25 msec, A) and long (TR = 2500
msec, TE = 100 msec, B) spin-echo
images of phantom in same orienta-
tions. Significant inhomogeneity is ap-
parent. While this appears particularly
striking on phantom images, it is pres-
ent on clinical images but does not
preclude obtaining high-quality images
(Fig. 1).

Fig. 3.—Wide (A) and narrow (B)
window displays of copper-sulfate-uni-
formity phantom image with TR = 600
msec, TE = 25 msec. Note wide varia-
tions in signal intensity on narrow win-
dow image from areas with identical
fluid compositions.
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TABLE 1: Subjective Relative Signal Intensity of Protein

Solutions
Protein Relative Signal Intensity
Cylinder Concentration TR = 600 msec, TR = 2500 msec,
(mg/di) TE=25msec TE = 100 msec
A 0.09 1 4.6
| 0.09 5.8 5.8
B 10 2.2 22
H 11 8 8.8
I 45 10.6 1
G 100 8 3.8
D 108 3.2 7.2
F 278 @ 104
C 480 2 2
K 1040 5 10.2
J 3700 9 7.8
E 6100 11.6 7.4

Note.—Relative signal intensity is the average of five independent rankings

ona 1-12 scale, where 1 = lowest intensity and 12 = highest.

Discussion

Elevated protein content in CSF is a nonspecific finding
associated with a variety of pathologic processes. Pathologic

fluid collections in the CNS tend to have higher protein con-
centrations than normal CSF. Because adding protein to
water reduces T1 and T2 [4-18], we might expect to see
detectable changes in signal intensity. To explain our failure
to observe such changes over a wide range of protein con-
centrations we must consider the absolute sensitivity of MR
to protein-concentration differences and limitations in this
sensitivity imposed by clinical imaging. To relate the sensitivity
of MR to protein concentration on the basis of signal intensi-
ties observed in clinical imaging we must consider the levels
of protein observed in CSF and pathologic fluid collections in
the CNS. In reports of CSF analysis related to a variety of
pathologic processes, protein rarely exceeded 2000-3000
mg/dl [19-27]. In the great majority of cases protein concen-
trations were much lower. Fluid-containing CNS lesions may
have protein concentrations of several thousand mg/dl [19-
27]. However, concentrations comparable to normal CSF or
elevations of several hundred mg/dl are far more common.
The effects of soluble proteins on the relaxation rates of
water protons have been studied in detail [4-18]. The water
proton relaxation rate in a dilute protein solution may be
expressed by 1/T, = 1/Ty + kic, where T, = T1 or T2 of the
protein solution Ty = T, of pure water, k; = a constant (cm?/
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sec-g) empirically determined for each protein, and ¢ = protein
concentration (g protein/cm® solution) [14]. By using this
relationship it is possible to calculate expected T1 and T2
values as a function of protein concentration. We performed
these calculations for albumin by using data reported by a
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Fig. 4.—Measured signal intensity (signal — background) vs protein
concentration for sequences with TR = 600 msec, TE = 25 msec and TR
= 2500 msec, TE = 100 msec. Note scatter of values and absence of trend
as protein concentration ranges over five orders of magnitude.
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number of authors [10, 14, 28-30]. This indicates that adding
100 mg/dl of albumin to pure water would reduce T1 by
approximately 1.5% and T2 by approximately 4%. These
small changes are unlikely to be reflected as detectable signal-
intensity changes. Similar reasoning reported by Hopkins et
al. [30] has suggested that the low protein concentration
normally present in CSF does not result in T1 or T2 values
measurably different from those of pure water. Although
protein concentrations on the order of several thousand mg/
dl would be expected to cause significant changes in relaxa-
tion rates, a combined imaging and spectroscopy study failed
to demonstrate reliable T1 changes over an albumin concen-
tration range of 0-8000 mg/dI with a 1.5-T imaging unit [31].
The authors speculated that limitations imposed by imaging,
such as gradient and radiofrequency pulse imperfections as
well as inappropriately short maximal TR and TE values, may
have been responsible for the poor performance of MR im-
aging in detecting these T1 differences.

Protein in solution has a greater effect on spin-spin than on
spin-lattice relaxation rates [7, 10, 11]. However, as Kjos et
al. [3] have noted, with the values of TR and TE commonly
used for clinical imaging, the contrast between CSF and fluid-
containing CNS lesions is determined largely by differences
in T1. In a spin-echo sequence the relative rates of decay of
signal from CSF and cystic lesions on successive echoes
reflect differences in T2. When evaluating cystic CNS lesions
we perform a spin-echo pulse sequence with a long TR (3500

TABLE 2: Reported Relaxation Rates of Protein Solutions

Concentration

Frequency Field

Protein [Ref. No.] (mg/di) T1 (sec) T2 (sec) (MHz) )
Ovalbumin [11] 6500 1.3 0.6 20 0.47
Ribonuclease [11] 9100 1.4 0.6 20 0.47
Bovine serum albumin [11] 9100 11 0.6 20 0.47
Blood [28] NA? 1.04 0.265 20 0.47
Plasma [28] NA 1.44 0.49 20 0.47
Albumin/globulin solution [28] 4500/2700 1.51 0.599 20 0.47
Bovine serum albumin [8] 2000 1.7 243 0.57

5000 1.2 243 0.57
Hemocyanin [32] 5000 0.29 0.1 0.002
0.49 1 0.02
1.09 10 0.2
Gamma globulin [32] 5000 0.55 0.1 0.002
0.91 1 0.02
1.69 10 0.2
Alcohol dehydrogenase [32] 5000 0.59 0.1 0.002
0.81 1 0.02
1.51 10 0.2
Carbomonoxyhemoglobin [32] 5000 0.96 0.1 0.002
1.07 1 0.02
1.74 10 0.2
Carbonic anhydrase [32] 5000 1.2 0.1 0.002
1.26 1 0.02
1.79 10 0.2
Lysozyme [32] 5000 1.56 0.1 0.002
1.69 1 0.02
1.9 10 0.2
Hemoglobin in sickle cell 30,000-32,000 0.26-0.29 0.021-0.040 44 4 1

anemia [33]

“NA = not available.

Note. T1 and T2 values are as reported in references [8, 28, 33] or are derived from graphs presented in references

[11, 32].
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msec) and multiple echoes as late as 160 msec in order to
detect differences in signal intensity related to different rates
of spin-spin relaxation. Currently, we cannot obtain TRs or
TEs longer than these. Ideally, the TR would be several times
longer than the T1 of the most slowly relaxing component.
For dilute solutions such as CSF this would require TRs on
the order of 12-20 sec and would result in prohibitively long
scanning times.

Table 2 lists T1 and T2 values for a number of proteins at
various concentrations and field strengths. Since the T1 and
T2 of pure water are not reported in most of these studies, it
is not possible to directly compare protein solution relaxation
rates obtained in one source with those reported in another.
Note that the concentrations used are all quite high. The small
changes in relaxation rates that result from very small
changes in protein concentration would be extremely difficult
to measure. In one system a protein concentration of at least
1 g/dl (1000 mg/dl) was required to obtain reliable results
[5]. The magnitude of relaxation-time shortening expected
from the addition of 100 mg/dl to water is less than or
comparable to the error in measurements obtained under
carefully controlled spectroscopy conditions [4, 34, 35]. In
routine clinical imaging our sensitivity for detecting small
changes in relaxation rates should be considerably lower.

Although the effect of dissolved protein on spin-lattice
relaxation rates is field-dependent [4-6, 12, 13, 34], this effect
is most prominent at field strengths far below those used for
clinical MR imaging. For protein solutions of 8000-20,000
mg/dl dramatic concentration-related changes in spin-lattice
relaxation rates were observed at frequencies of 0.01-0.5
MHz (approximately 0.00023-0.012 T), with relaxation rates
converging toward one another and toward that of protein-
free buffer as the field strength entered the 1- to 10-MHz
(0.023- to 0.23-T) range [4].

We have not succeeded in determining a precise minimum
albumin-concentration change detectable on our imaging unit.
This measurement is complicated by the inhomogeneous
response of the head coil and the absence of internal refer-
ence standards in the phantom. In clinical cases there are
internal standards such as brain and CSF adjacent to the
cystic lesions. Therefore, it is possible to compare signal
intensities of structures in similar regions of the coil, thus
reducing the significance of this inhomogeneous response. In
our phantom no such internal standard was available, and
reviewers were forced to compare signal intensities across
the entire field. We would expect this to obscure the smallest
changes in intensity resulting from small changes in protein
concentration. This suggests that under ideal circumstances
concentration changes of less than 3700 mg/dl may be distin-
guishable on clinical images. However, the 6100 mg/dl solu-
tion was in a high-signal region of the coil (Figs. 2 and 3), thus
augmenting its increased signal. The extraordinarily flat slopes
of the curves in Figure 4 suggest that at 3700 mg/dl the T1
shortening effect may be too weak to overcome this severity
of inhomogeneity. This inhomogeneity is far more apparent
on phantom images (Figs. 2 and 3) than on clinical images
photographed at standard windows (Fig. 1).

It is unlikely that pathologic CNS collections contain pure
water and a single purified protein. It seems more probable
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that the fluid contains a complex mixture of proteins, other
macromolecules, and compounds of varying molecular weight
and paramagnetic content. The appearance of such a collec-
tion on MR images will be determined by the combined effects
of all the constituents of the fluid. The observation that the
liquid components of neoplasms and abscesses have more
rapid spin-lattice relaxation than CSF has [1, 3] is presumably
a reflection of the higher concentrations of many substances
in these lesions. We have chosen human serum albumin as
our test protein and we have cited water proton relaxation
information reported for several other proteins in solution.
The size of the molecule, as well as its concentration, is
important in determining relaxation rates. Small proteins (such
as albumin) tumble relatively rapidly. Therefore, they change
water relaxation rates less dramatically than do larger mac-
romolecules, which reorient more slowly [5, 32]. Molecules
associated with cell membranes or macroscopic debris would
even more profoundly prolong correlation times of bound
water. This differential effect based on protein molecular
weight is also field-dependent, is most prominent at low fields,
and is far less significant at frequencies above 10 MHz
(approximately 0.23 T) [5, 32].

Although it appears unlikely that differences in protein
concentration on the order of tens to hundreds of mg/dl result
in detectable changes in signal intensity, the proteins may be
present in association with paramagnetic species, which can
have dramatic effects on relaxation rates at relatively low
concentrations [28, 36]. Unfortunately, the effects of para-
magnetic ions in pure water do not predict their effects on
relaxation rates when present in association with macromol-
ecules [28, 36]. The nature of the binding of a paramagnetic
species to protein and the access of water to the paramag-
netic center are important in determining the resulting effects
on relaxation rates [37]. This suggests that an understanding
of the signal characteristics of cystic collections may require
a thorough analysis of the paramagnetic compounds and
molecular composition of the fluid.

Blood degradation products are a common in vivo source
of paramagnetic compounds. The possibility of old hemor-
rhage should be considered when these signal-intensity vari-
ations are observed. Other paramagnetic compounds, as yet
uncharacterized, may also explain some deviations from ex-
pected signal characteristics.

Motion during imaging may influence the signal intensity of
structures [38]. In the case of CSF, pulsatile motion may
result in signal voids, boundary-layer phase dispersion, and
ghost images [39]. These artifacts can produce lower signal
intensity in moving than in stationary fluids. It seems possible
that in some cases the different signal characteristics of cystic
CNS lesions and CSF may in part be from greater motion in
the CSF.

Finally, we should recognize that the causes of many
phenomena displayed on MR images remain unknown. We
agree that the fluid in many cystic CNS lesions has a higher
signal intensity than normal CSF and that this observation [1,
3] is often diagnostically useful and clinically significant. It
seems plausible that the signal-intensity differences often
reflect differences in composition between the cyst fluid and
CSF. However, we do not believe that the details of the
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relevant composition differences have been defined, and we
consider it unlikely that intensity variations are always deter-
mined by the same factor.
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