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In 242 of 3,000 patients who under-
went magnetic resonance (MR) im-
aging of the knee between Septem-
ber i986 and August i987, original
MR imaging reports were compared
with subsequent arthroscopic re-
ports to determine the value of MR
imaging in the evaluation of sus-
pected meniscal and complete tears
of the anterior cruciate ligament.
The overall accuracy for the menisci
was 93% (sensitivity, 95%; specific-
ity, 9i%) with a false-negative rate
of 4.8%. For the anterior cruciate hg-
ament the overall accuracy was 95%.
T2-weighted sequences were associ-
ated with greater sensitivity, speci-
ficity, and accuracy than were Ti se-

quences; the false-negative rate was
0% in the T2-weighted group. MR
imaging of the knee is an extremely
accurate means for noninvasive as-
sessment of the integrity of the me-
nisci and anterior cruciate ligament,
and the accuracy exceeds that usual-
ly reported for arthrography.
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I N 1985, Reichem et al (1,2) proposed
that magnetic resonance (MR) im-

aging might be a clinically useful

tool in evaluating internal derange-

ment of the knee. Since that time,

various studies in small numbers of

patients have confirmed the utility of

MR in the assessment of a variety of

abnormalities, including those of the

menisci (3-10), the ligaments (3,5,

7-9,11), and the anticulam cartilage

(5,12,13), osteonecmosis (5,14), frac-

tumes (15), bone marrow replacement

(16,17), and arthritic disorders

(18,19). The purpose of this commu-

nication is to describe a study in a

large population validating the utili-

ty of MR imaging in the evaluation

of the menisci and the anterior cruci-

ate ligament and to discuss the im-

pact of technical advances that have

improved the accuracy of MR exami-

nation and have broadened the range

of its diagnostic capabilities.

MATERIALS AND METHODS

Between August 1985 and September
1987 we performed more than 3,000 MR

imaging examinations of the knee with a
1.5-1 imager (General Electric, Milwau-

kee).
The operative records of 242 patients

who had undergone both MR imaging ex-
amination and arthroscopy between Sep-
temben 1986 and August 1987 were com-

pared with the original MR imaging in-
terpretations of the menisci and the
anterior cruciate ligament. Previously re-

sected menisci were excluded from the
study, so that 459 menisci were evaluated.

Arthroscopy was performed by 37 differ-
ent orthopedists. The results were tabu-
bated for the entire group.

To test the effect of surgical skill and
experience on the false-positive and accu-
racy rate, we analyzed separately the sta-

tistics for a single knee subspecialist an-

throscopist (33 menisci). To enlarge this

population, so that the analysis would be
more valid, we added the records from 39

additional menisci that are not included
in the larger study population. Thus, a to-

tab of 72 menisci composed this parallel

study. While the grading system for me-
niscal signal used by Crues et al (6) was

used in all MR reports, grade 1 and grade
2 lesions were lumped together and

scored as “not torn,” while grade 3 be-
sions were scored as “torn.” The surgeons
of record did not use a standardized ter-
minobogy for what constituted a tear yen-

sus degeneration; therefore, any definite

structural alteration (excluding discolor-
ation, excessive flounce, etc), regardless
of the specific wording used in the opera-
tive report, was scored as torn.

A total of 21 of the 34 false-positive and
false-negative examinations were rere-
viewed independently by two radiobo-
gists (J.H.M., J.V.C.). The falsely inter-

preted images were intermingled with
other correctly read images in an attempt
to eliminate bias, but it must be noted
that not each and every MR image was me-
examined. Nine of the 1 1 false-negative
and 12 of the 23 false-positive examina-
tions were available for rereview.

Since no MR grading system for the an-
tenon cruciate ligament has been previ-
ously established, the anterior cruciate

ligament was graded as normal if it could
be seen extending intact from the femur

to the tibia. The normal anterior cruciate

ligament was usually depicted as either a
solid continuous signal-less band or three

or four separate fiber bundles (3). By ex-
ternally rotating the knee 10#{176}-i5#{176},it was

possible to view the anterior cruciate liga-
ment on a single sagittal image 85%-90%

of the time. Thickness of the ligament
was not specifically evaluated (and has
not, in our experience, appeared to be a

characteristic of normality). While foci of
increased signal were considered abnon-

mal (in some instances representing pan-

tial tears), ligaments harboring such sig-

nab were not judged torn if any portion of

the ligament was intact. Similarly, terms
such as “attenuated” on “thin” as used in

the operative report were ignored if the
orthopedist stated the ligament was in-

tact.

During the 2 years, three different ne-
ceive coils were used. However, a dedi-
cated wraparound extremity coil (General
Electric) with both send and receive prop-
erties, the latest coil, was used to examine
70% of the patients in this study.

The imaging protocol underwent pro-
gressive evolution (3), with Ti- and T2-
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weighted sequences used in various com-
binations. Of the 242 knees analyzed in

this report, 89 were examined with inter-

mediate and 12-weighted (2,000/20, 80)
(repetition time [TR] msec/echo time [TE]
msec) sagittal sequences, and 153 were ex-
amined with Ti-weighted (800/20) sagit-
tab sequences. When the dedicated ex-
tnemity coil was used the coronal images

were obtained with a 256 X 128 matrix,
16-cm field of view, one excitation, and
interleaved 5-mm-thick sections. In the
sagittal plane, these technical factors

were identical except that a 5-mm section
thickness with no intersection gap was

used. All patients were examined in the

supine position with the leg externally

notated iO#{176}-15#{176}(most patients tend to ex-

tennally notate the knee properly when

they assume a comfortable supine posi-
tion) and in full extension, a position that

optimizes evaluation of the anterior cru-

ciate ligament.

Table 1
Results of MR Imaging of the Menisci

False- False-
Sensitivity Specificity Positive Negative Accuracy

Meniscus (%) (%) Results (%) Results (%) (%)

Medial 97 89 7 4.7 94
Lateral 92 91 14 4.9 92

Total 95 91 10 4.8 93

Table 2
Results of MR Imaging of the Anterior Cruciate Ligament

Sequence Sensitivity (%) Specificity (%) Accuracy (%)

Ti-weighted 85 95 94
12-weighted 100 96 97

Total 92 95 95

RESULTS

Of the group of 459 surgically con-

related menisci, there were 207 true-

positive, 218 true-negative, 23 false-

positive, and 1 1 false-negative menis-

cal correlations. The 218 teams

occurred in 173 patients (45 patients

had both medial and lateral tears in

the same knee); 72% of patients who

underwent surgery had a meniscal

tear. Overall, the sensitivity for the

detection of meniscal teams was 95%,

with a specificity of 91% and an accu-

racy of 93% (Table 1). The false-posi-

tive rate was 10%, and the false-nega-

tive rate was 4.8%. Accuracy rates for

individual orthopedists ranged from
87% to 95%; false-positive rates varied

from 6% to 16%, and false-negative

rates from 2% to 9%. The accuracy for

the knee subspecialist was 95% (25

true-positive findings; 44 true-nega-

tive findings; two false-positive find-
ings; one false-negative finding; sen-

sitivity, 96%; specificity, 95%).

Forty-four percent of all errors in-

volved evaluation of the free edge

(five of 1 1 false-negative and ten of

23 false-positive findings with MR).

Images for nine of the 1 1 MR exami-

nations with false-negative results

and 12 of 23 with false-positive me-

suits were available for memeview by

two radiologists (J.H.M., J.V.C.). In

only one false-positive and one false-

negative case did both correctly me-

vise their readings. Of the 1 1 MR im-

aging examinations with false-nega-
tive results, five of the teams were

parrot-beak tears (four lateral, one

medial), two were bucket-handle

tears, and four were nondescript.

Two of the four parrot-beak tears

were described as “small, minute

teams,” and two of the miscellaneous

tears were partial-thickness tears.

Figure 1. Sagittal MR image (2,000/20) of
meniscal horns: false-negative findings.

Magnified, high-contrast image demon-
strates seemingly normal anterior (arrow)
and posterior (arrowhead) lateral meniscal

horns. A bucket-handle tear of the meniscus

was found at surgery 2 weeks later.

For MR imaging of the anterior

cruciate ligament theme were 36 true-

positive, 193 true-negative, ten false-

positive, and three false-negative

findings. The overall results were

subdivided into those imaged with

Ti-weighted and those imaged with

T2-weighted sequences; results of

this analysis are shown in Table 2.

The overall accuracy rate for detec-

tion of complete teams of the anterior

cruciate ligament was 95%. The most

striking difference between the Ti-

and T2-weighted studies is the appam-

ently improved sensitivity of the T2-

weighted examination in the detec-

tion of teams of the anterior cruciate

ligament (100% vs 85%).

DISCUSSION

Theme has been great excitement

about noninvasive evaluation of the

menisci and ligaments of the knee

with MR imaging. Reports of small

series from various institutions have

documented a high degree of accuma-

cy for a broad spectrum of abnommali-

ties (1-19). This correlated study of

a.

b.

Figure 2. Sagittal MR images (2,000/20):
false-positive findings. Magnified, deliber-
ately high-contrast images in two different
patients reveal a grade 3 signal (arrow) ex-
tending along the undersurface and tips of

both menisci. The lesion in a represented a
small flap tear, but no abnormality was

found in b.

459 menisci is, to our knowledge, the

largest series yet and provides signif-

icant support of the clinical value of

MR imaging of the knee. The overall

accuracy of 93% approximates that in

several smaller series (6-8,12,15) in

which i.5-T imagers were used.

In an attempt to identify and ex-

plain our interpretive errors, we un-

dentook a critical review of our false-

positive and false-negative findings

at MR imaging examination. Of the

1 1 teams in which there were false-

negative MR results, one was

thought to be so insignificant at am-

thmoscopy as to not warrant any type

of intmaarticulan therapy. Four of the

teams were debmided, and only six me-

quimed a partial meniscectomy (Fig

1). The false-negative mate in this

study is 4.8%, which compares quite

favorably with the false-negative
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Figure 3. Meniscal tears. (a) Sagittal image (2,000/20) cleanly demonstrates a medial menis-
cab tear (arrow), a finding confirmed at surgery. (b) Team through the substance of the menis-
cus is extremely difficult or impossible to appreciate on the second echo image (2,000/80).
Posterior horn, with fluid behind the meniscus (arrow), was found to also be partially de-
tached. (c, d) In a different patient, intermediate (2,000/20) (c) and 12-weighted (2,000/80)
(d) sagittal images both demonstrate a surgically proved tear (arrow). The lesion is as intense
as synovial fluid on both images.

d.

rates of 2%-13% for arthrography and

5%-10% for arthmoscopy (8,20-23).

Thus, the risk of failure to detect a

clinically significant tear with MR im-

aging is quite low.

The occurrence of false-positive

findings at MR imaging (Fig 2) (as

judged with amthroscopy) has been

noted before (3,5,7) and has been a

source of frustration for radiologists

and complaints by clinicians. There

are at least two explanations for this

apparent discrepancy between find-

ings at MR imaging and surgery, the

operator dependence of arthroscopy

and the presence of intrasubstance

tears.

Anthroscopy is a highly operator-

dependent procedure that requires

great manual dexterity. Casscells (24)

has noted that “some surgeons learn

arthnoscopy slowly or not at all and

some are not very capable in this [di-

agnostic arthroscopy] respect.” Ar-

throscopy has been reported to have

an accuracy of 69%-98%, depending

on the experience of the examiner

and the type of location of the team;

false-negative arthmoscopic results

are well documented (8,20-22,25).

Nonetheless, surgeons generally me-

gard amthroscopy as a standard of ref-

erence. Our current report is based

on the operative findings from 37 or-

thopedists of varying levels of expe-

rience with arthroscopy. False-posi-

tive MR imaging rates varied from

6% to 16% among the 37 orthopedists,

but the false-positive rate of the knee

subspecialist arthmoscopist was only

6%. In 12 of 23 cases with false-posi-

tive findings at MR imaging the team

was in the posterior horns (eight me-

dial, four lateral). In five studies (in-

cluding this one) (5-7,10), a total of

47 false-positive results with MR im-

aging have been reported; 33 of the

“tears” were in the posterior horns

(70%). Thus, false-positive MR imag-

ing findings are frequently reported

in the area acknowledged to be the

most difficult for the clinician to ex-

amine (20-22,25). It appears that the

false-positive MR imaging rate is the

inverse of the false-negative amthmos-

copy rate, which, in turn, is directly a

function of surgical skill and expeni-

ence.

Stoller et al (26) recently examined

the histologic correlation of the dif-

fement grades of MR signal. They

found instances in which definite

grade 3 signal intensity was seen in

MR images of menisci that, when me-

moved from a cadaver, showed no

macroscopic team. Histologically,

however, definite separation of fibro-

cartilage (meniscal team) could be

demonstrated. The existence of intra-

substance (closed) tears is well

known and provides the basis for

systematic, careful, and persistent

meniscal probing, which may reveal

lesions not visible at gross examina-

tion (20-23,25). Bunk et al (5) report-

ed an MR imaging grade 3, arthmoscop-

ically negative lesion that, on reopen-

ation for persistent symptoms, dem-

onstrated a bucket-handle team. Pen-

haps an intrasubstance team pro-

gressed to a frank team.

Because of operator error, limita-

tions of the technique of arthroscopy,

and the existence of intrasubstance

tears, false-positive findings at MR

imaging examinations are likely to

continue to be reported (Fig 2). A cli-

nician in possession of an MR report

indicating the existence of a tear, es-

pecially in the posterior horn of the

medial meniscus, must extensively

probe and explore the meniscus be-

fore assigning the discrepancy to an

“ovemmeading” of MR images. (Such

persistence revealed a team in 14 cases

that, judging from the statement of

the arthmoscopist in his report, may

well have been overlooked by him

were it not for the MR imaging find-

ings.) Even if no tear is found at sum-

gemy, the orthopedist also may wish

to advise his patient of the possible

existence of an intrasubstance tear ac-

counting for symptoms (3). Whether

or not intrasubstance tears inexorably

extend to an articular surface is un-

known.

It has been our unequivocal im-

pression, as well as that of Stolbem et

al (26,27) and Mink et al (3), that

most meniscal teams are best appreci-

ated on Ti- or intermediate-weighted

(2,000/20) rather than T2-weighted

sequences (Fig 3). Mink et al (3) pos-

tulated that Ti shortening could be

secondary to water adsorption on

macromolecules, which would there-

by increase the local spin-density.

The decrease in translational motion

would lead to shortening of the T2

(resulting in decreased intensity on

T2-weighted images). We randomly

selected 21 cases with true-positive

results and seven with false-positive

results that had been performed with

our T2-weighted sequence (all of the

false-positive studies were positive

even on mereview). Fourteen of the 21

true tears were very poorly seen on

the second echo images (2,000/20, 80)

(Fig 3). In none of the seven false-

positive images, however, were the

teams seen as well on the second echo

image as on the first, and, in fact,

four were not seen at all on the sec-
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Figure 4. Suspected parrot-beak tears. (a, b) On sagittal images (2,000/20) in two different
patients grade 3 signal is present at the expected free edge of the lateral meniscus (arrows).
Lesion in b was a small edge tear, but no abnormality was found in a. Partial volume effect
contributes to the confusion. (c) In a third patient, area of increased intensity (arrowheads)
on sagittal image near the free edge and between the tips of the anterior and posterior horns

of lateral meniscus could be a small radial (parrot-beak) tear, or merely partial volume effect.
A high-contrast, magnified image (2,000/20) is used to best demonstrate the finding. A small
separate posterior horn tear (arrow) is present. (d) Coronal image (800/20) in the same pa-

tient as in c confirms that there is, in fact, signal in the central tip of the midzone of the me-

niscus (arrowheads). A small parrot-beak tear was resected.

d.

ond echo. Decreased signal-to-noise

ratio (S/N) may contribute to poor

delineation of some tears on T2-

weighted images, but since some

tears remain hypemintense S/N is not

the only factor. High-intensity signal

on a second echo image (occurring in

seven of our true-positive images of

tears) may prove to be specific for a

tear since none of the false-positive

MR imaging examinations had this

quality. Most of our surgically con-

firmed teams did not increase in sig-

nab intensity on a second echo, and,

therefore, contrary to the beliefs of Li

et al (7), we find increased signal in-

tensity on a T2-weighted image to be

a sign of low sensitivity of a meniscal

tear.
While many radial and parrot-beak

(edge) teams were accurately identi-

fied preopenatively, incorrect evalua-

tion of the free meniscal edge was by

far the greatest single source of en-
moms in this study (44% of all errors).

Five of the 1 1 false-negative and ten

of 23 false-positive interpretations of

MR images involved the free edge

(Fig 4). Unquestionably, one factor

that has contributed to both false-

positive and false-negative errors is

partial volume effect, which is in part

determined by the relationship of the

free meniscal edge to the center of

the 5-mm-thick section. Correlation

with findings on high-resolution co-

ronal images (Fig 4) and perhaps

smaller section thickness should the-

ometically reduce this problem. Of the

ten false-positive findings of edge

tears in this study, seven were pant of

examinations done without benefit

of high-resolution coronal sequences.

Our accuracy for evaluation with
MR imaging of complete tears of the

anterior cruciate ligament (94�) is

equivalent to the best arthrographic

results reported (95%) (28) and ex-

ceeds the more common experience

of 60%-85% (20,25,29). The criteria

we established for the integrity of

the anterior cruciate ligament may

have contributed to the high degree

of accuracy. Small foci of abnormal

signal, if associated with an intact

ligament, were ignored. No attempt

was made to assess the functional sta-

tus of the ligament; only the anatom-

ic status was assessed. The routine

use of 12-weighted images appeared

to improve sensitivity (and was asso-

ciated with a false-negative rate of

zero) when compared with the sensi-

tivity in the subgroup of patients in

whom only Ti-weighted images

were obtained. Sample sizes are too

small to achieve statistical signifi-

cance. Without question, however,

our confidence in evaluating the an-

tenor cruciate ligament was im-

proved by the use of 12 weighting

(Fig 5) (Table 2).

There are several signs that may be

helpful in evaluating the anterior

cruciate ligament. Acute angulation

of the proximal posterior cruciate big-

ament is always abnormal. If theme is

no intrinsic abnormality of the poste-

non cruciate ligament, “buckling” in

the clinical setting of acute trauma is

overwhelmingly indicative of a team

of the anterior cruciate ligament (3).

The position of the knee in our coil

during MR imaging examination and

the relaxed state assumed by our pa-

tients apparently predispose to an

anterior drawer maneuver, allowing

the tibia to shift forward and pull the

distal posterior cruciate ligament

with it; the proximal end then buck-

bes.

The distal end of the anterior cru-

ciate ligament is usually better de-

limited than the proximal end due to

partial volume averaging of the prox-

imal ligament with the sagittally on-

ented medial face of the lateral femo-

mal condyle. A normal distal and

mid-anterior cruciate ligament,

coursing in the proper direction and

unassociated with a soft-tissue mass,

is usually normal even if the proxi-

mal end is not optimally seen (again,

coronal images may be helpful). A

true mass (not an apparent mass me-

suiting from partial volume avemag-

ing of the lateral femomal condyle) at

the proximal end, associated with ab-

normal signal, however, indicates the

presence of a team.

MR imaging has undergone in-

credibly rapid evolution, and techni-

cal advances are continually occur-

ring. New coil geometry and imager

software upgrades have resulted in

frequent protocol changes, although

since March 1987 our technique has

not changed. A number of technical

advances have improved the accura-

cy, ease, and speed of the examina-

tion, and their impact deserves par-

ticulan mention.

The availability of a dedicated

wraparound extremity coil with

send-receive capability has had the

single greatest impact on image qual-

ity, speed of examination (permitting

single-excitation examinations), and

the ability to obtain high-resolution

coronal images. Previously, coronal

images were little more than boca-

lizens, but now they can reduce the

confusion due to partial volume ef-

fect occurring at the free edge of the

mid-zone of either meniscus. Coronal

images are most helpful in locating

the “handle” from a bucket-handle

tear (Fig 6), identifying suspected

loose bodies (Fig 7), and evaluating

the collateral ligaments and seg-
ments of the anticular cartilage.

The capability of rapid acquisition

of high-quality T2-weighted images

is, in a sense, a technical achieve-
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a.

Figure 5. Anterior cnuciate ligament. (a) Occasionally, a

present at the proximal end of the anterior cruciate ligament
The “mass” represents the result of partial volume effect of
(curved open arrow) with the anterior cruciate ligament. The
mal at surgery. (b) On a sagittal image in another patient, a
a torn anterior cruciate ligament, is seen. (c, d) In sagittal
anterior cruciate ligament at surgery, the proximal part of the
mal, but the distal segment has an appearance quite like that

the second-echo image (2,000/80) (d) the fluid (curved arrow)
multiple fibers of the normal distal anterior cruciate ligament
visible.

(solid arrows) is

sagittal images (2,000/20).
femomal condyle
was found to be non-

mass (arrows), representing

in a patient with a normal

(arrow) appears nor-
(2,000/20) (c), but on

hypenintense and the
arrows) are readily

Figure 6. Bucket-handle tear. On coronal

image, the mid-zone of the medial meniscus

(arrow) may be slightly blunted, but it oth-

erwise appears normal. Displaced fragment

(arrowhead) is seen in the intercondylar
notch, supporting the diagnosis of a bucket-

handle tear. The fragment could not be con-
fidently identified on sagittal images (not

shown).

ment. The routine use of 12-weight-

ed imaging has improved the accura-

cy of diagnosis of teams of the anteni-

on cruciate ligament (Table 2), the

existence of torn meniscal remnants

(Fig 8), intma- and extmaarticulam fluid,

meniscocapsulam separation (Fig 3)

(3), loose bodies (Fig 7), chondroma-

lacia of the patella (19), osteochondni-

tis dessicans on osteonecnosis (30),

and collateral ligament teams (3,7,11).

MR imaging of the knee is a rapid,

safe, and highly accurate means of

noninvasively assessing the status of

the menisci and the anterior cruciate

ligament. U
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