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Accuracy and Reproducibility of Instrumented 
Knee-Drawer Tests 

Ph. Edixhoven, R. Huiskes, *R. de Graaf, Th. J. G. van Rens, and T. J. Slooff 

Laboratory of Experimental Orthopaedics, Department of Orthopaedics, and *Department of Mathematics and 
Statistics, University of Nijrnegen, The Netherlands 

Summary: Instrumented devices for knee-drawer tests have become popular 
in orthopaedics relatively recently. The objective of the present study was to 
document the effects of several parameters on the accuracy and reproduci- 
bility of anterior-posterior (AP) drawer measurements. An instrumented 
knee-drawer tester for AP laxity evaluations was constructed, based on the 
differential displacement method, measuring shifts of the tuberosity relative to 
the patella. The accuracy of the AP-shift was determined with the parallel use 
of a highly accurate roentgen stereo photogrammetric (RSP) measurement 
system on two postmortem leg specimens. The effects of relative motion be- 
tween patella and femur were negligible. In addition to AP shifts, significant 
knee flexion and tibia1 rotations occurred, although the foot and the thigh were 
fixed as well as possible. The differential displacement method was effective in 
circumventing this problem. The accuracy of the AP shift was >lo%. The 
reproducibility of the AP drawer parameters (shifts and compliances) was de- 
termined in normal subjects and patients. Tests were made to evaluate the 
effects of different observers, time sequences, and different days. In addition, 
effects of muscle relaxation were studied. Overall, the shift parameters at dif- 
ferent forces were found to be reproducible to between 5 and 15%. The slopes 
(compliances) of the laxity curves, at different forces, were found to be repro- 
ducible to between 20 and 40%. The reproducibility was principally affected by 
deviations in the subject positioning procedure. Key Words: Knee instability 
-Drawer test-Knee ligaments-Knee-joint motion. 

It is generally accepted that the extent of knee 
ligament injuries can be estimated by testing knee- 
joint laxity (10). Although a number of objective 
measurement methods have been described 
(4,6,9,10,12,19), diagnosis of knee injury is still 
based mostly on manual evaluation. A well-known 
example of these subjective manual tests, exclu- 
sively meant to assess the effectiveness of the cru- 
ciate ligaments in resisting anterior-posterior (AP) 
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shift, is the knee-drawer test, executed in 20” 
(“Lachman” test), 60”, or 90” of knee flexion. In all 
instances, the tibia is pushed backward and pulled 
forward while the resulting AP displacements of the 
tibia relative to the femur are estimated, often rela- 
tive to the contralateral knee joint. An increased 
anterior drawer indicates an insufficient anterior 
cruciate ligament (ACL) ; an increased posterior 
drawer indicates an insufficient posterior cruciate 
ligament (PC L) . 

A number of authors have presented methods for 
objective evaluations of AP laxity, and a few com- 
mercial instruments are available. The methods 
presented were either based on conventional roent- 
genographic techniques (9,10,19) or on direct ex- 
ternal measurement devices (4,6,12). 

Although the principle of the AP laxity measure- 
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ment is simple, significant difficulties arise in the 
execution of the test with instrumented devices. 
First, because relative displacements between tibia 
and femur are required, the soft tissue mantles over 
the bones complicate adequate fixation of external 
devices to the femur and tibia. Second, although 
AP drawer is defined as a pure translation, the tibia 
and the femur can also execute other relative mo- 
tions, such as axial rotation and flexion, when 
forced in the AP or PA directions. Clinically, it is 
not clear whether these additional motions should 
be suppressed, measured, or simply ignored. 

To circumvent the problem of upper leg fixation 
in the direct measurement methods, the patella is 
often used as a reference (4,12,17), whereby the AP 
displacement of the tibial tuberosity is measured 
relative to the patella. The KT-1000 (Medmetric 
Corp., San Diego, CA) (4), based on this principle, 
is fixed to the lower leg and connected to the pa- 
tella by a displacement sensor. The force is applied 
manually, and the displacement is read from a dial 
gauge at specific loads. Markolf and colleagues 
(12), in their experimental setup, measured the AP 
displacement of the tuberosity relative to the 
(fixed) patella-femoral complex with a displace- 
ment sensor, while manually pushing or pulling a 
load-cell attached to the lower leg. The Genucom 
(Faro, Far Orthopedics, Inc., Montreal, Canada) 
(6) then measures the full three-dimensional mo- 
tions of the tibia relative to the femur, using statis- 
tical correction methods in the numerical data eval- 
uation to compensate for inadequate fixation. 

This article reports the effects of various vari- 

1A,B 

ables on the accuracy and reproducibility of the AP 
drawer in normal and cruciate-deficient knees. The 
information provided is relevant for differential 
measuring methods in general, as applied in various 
devices. 

MATERIALS AND METHODS 

Test Device 

The instrument developed for the present investi- 
gation also uses the differential measuring method, 
whereby the AP displacements of both the tuber- 
osity and the patella are measured relative to an ex- 
ternal frame and subtracted (Fig. 1). Each leg is 
subsequently positioned in -30" of hip flexion, 
-25" of knee flexion, and neutral tibial rotation. 
The upper leg is secured with a thigh holder, and 
the foot is held in neutral flexion in a foot holder. 
Displacement transducers are positioned on the tu- 
berosity and on the patella. The displacement 
feelers are positioned on the patella and the tuber- 
osity by small sliding plates, hence only vertical 
motions are transferred (see detail, Fig. 1). AP 
forces are administered manually with a spindle, 
between k250 N, and measured with a load-cell. 
The displacement transducers and the load-cell are 
connected to a microcomputer, which evaluates the 
differential displacement (the drawer shift) and the 
force on-line, and displays these values as a dot in a 
force-displacement coordinate system on the mon- 
itor. Due to restrictions in the computer system, the 
resolution of the displacement registration is lim- 

FIG. 1. Schematic drawing of the AP drawer tester (A) and some details (B) of the load application 
force measurement, the displacement feelers with low-friction sliding plates, and the thigh holder. 

I 

device with (spring-loaded) 
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380 Ph.  EDIXHOVEN ET AL. 

ited to 0.35 mm, and the resolution of the force reg- 
istration is limited to 2.2 N. The displacement 
transducers exert a constant force of 2 N. 

Before the actual measuring procedure starts, a 
complete AP cycle is made (force from zero to 250 
N anterior to 250 N posterior to zero), both for pre- 
conditioning of the joint (discussed later) and to de- 
termine whether the patient is at ease. Then, with 
no force applied on the leg, the dot on the monitor 
is positioned at the zero-shift position in the coordi- 
nate system by adjustment of the displacement 
transducers. During the actual measuring proce- 
dure, two full AP cycles are made, requiring -50 
dcycle. This time the force and the shift are regis- 
tered at 100 discrete points on the monitor and on a 
floppy disc. The measuring points on the monitor 
are connected by straight lines to form force-dis- 
placement curves (Fig. 2). The data on the floppy 
disc are later transferred to a mainframe computer 
for combined data evaluation and statistical anal- 
ysis. 

Data Evaluation 

The applied AP force is denoted by F,(N)-posi- 
tive in the anterior direction, negative in the poste- 

anterior 

BEFORE INJURY 

1 0 

postertor 

a 

AFTER INJURY 

- b 
FIG. 2. Load (N)-displacement (mm) curves, as registered 
on the monitor. (a) Normal knee; (b) same knee after sports 
injury (anterior cruciate rupture, obtained by coincidence). 
Lower curves in each graph: posterior-to-anterior-directed 
shifts. Upper curves: anterior-to-posterior-directed shifts. 
Although coinciding in most regions, each curve was regis- 
tered twice. 

rior direction. The shift is denoted by s (mm). Be- 
cause of the weight of the lower leg (W), working in 
the posterior direction, the real AP force (F) is 
lower than the applied force: F = Fa - W. W is 
estimated uniformly as 30 N (20). 

The objective of the data evaluation procedure is 
to reduce the 100 measuring points (force-shift 
combinations) describing the force-displacement 
relation s = s(F) ( -  280 N 6 F =s 220 N) to a re- 
duced number of parameters to facilitate statistical 
analysis. The shifts s = s(F) were calculated for F 
= 290 N and F = k 180 N. In addition, the com- 
pliances c = c(F) (mm/N) of the knee, i.e., the 
slopes c = ds/dF' were calculated for F = 0 and F 
= 2180 N. The compliance is the inverse of the 
stiffness. 

Because two full AP cycles are made (twice the 
cycle zero to anterior, anterior to posterior, and 
back to zero), four branches of the force-shift 
curve are obtained, as shown in Fig. 2. Each cycle 
produces a lower branch, s,(F), representing the 
posterior-to-anterior-directed shift, and an upper 
branch, s,(F), representing the anterior-to-poste- 
rior-directed shift. These branches are divided by 
a hysteresis loop. The slopes of these curves are 
denoted by c,(F) and cU(F), respectively. 

The parameters studied are the lower zero-force 
shift and the zero-force hysteresis: 

So = s,(O) and H, = s,(O) - s,(O), (1,2) 

the mean anterior and posterior shifts relative to 
the lower zero-force shift 

( 3 )  
for F = -+90 N and F = k 180 N, the mean total 
shifts between F = 90 N and F = -90 N and be- 
tween F = 180 N and F = - 180 N 

(4) 

(5)  

S, = v2 {s,(F) + s,(F)) - s,(O), 

T90 = IS!d + l S - 9 0 1 9  

T180 = l ~ ~ ~ ~ l  + IS-lsOl~ 

C,, = c,(O) and C,, = c,(O), 

c, = '/2 {c,(F) + c,(F)l 

the zero-force compliances 

(6) 
and the mean compliances 

(7) 

for F = k 180 N. 
To calculate estimates for these parameters, in- 

tervals around the force values k 180 N,  +90 N, 
and 0 N are considered (Fig. 3 ) .  The measuring 
points with respect to these intervals are used to 

J Orthop Res, Vol. 5,  NO. 3 ,  1987 
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I 
1 I I I I 

-180 - 90 0 90 180 

b 9'0 l i 0  

FIG. 3. Partition of load-displacement curve into five in- 
tervals around the (gravity-corrected) force values t 180 N, 
2 90 N, and zero. 

estimate the shifts [s,(F), s,(F)] and slopes [c,(F), 
c,(F)] for the force values mentioned and for each 
of the cycles separately, using a distribution-free 
approach based on linearization of the corre- 
sponding curve segments. For any combination of 
two sufficiently different measuring points, the 
slope and the shift values are calculated. The me- 
dians of these slope values (18) and shift values are 
determined as the intended estimates. Before the 
parameters according to Equations ( I )  through (7) 
are calculated, the estimated values s,(F), s , (F) ,  
c,(F), and c,(F) are averaged with respect to the 
two loading cycles, which are thus considered in- 
dentical. 

Accuracy Test 

Accuracy tests were carried out on two full-leg 
amputation specimens, using a highly accurate 
roentgen-stereophotogrammetric (RSP) measure- 
ment system (8,11,16) to provide the reference data 
for the three-dimensional relative motions of the 
tibia relative to the femur, parallel to the AP laxity 
tester. Six tantalum markers each (0.5- to 0.8-mm 
diameter) were inserted in the femur, the tibia, and 
the patella, using a syringe. The leg was positioned 
in the laxity tester; that is, the femur was loosely 
fixed to the table, simulating the feasible motions of 
the hip joint, and the quadriceps muscle was loaded 
with 15- to 20-N weights. After each AP loading 
step, the AP shift and the load were registered as 
measured by the laxity tester. In addition, stereo 
roentgen exposures were made. These were later 
measured and evaluated to determine the spatial 

coordinates of the markers. Using principles of 
rigid-body kinematics, the relative three-dimen- 
sional translations and Euler rotations of the bones 
were determined with an accuracy of 0.1 mm and 
O S " ,  respectively (11). These results were used as 
the true standard for the accuracy of the laxity 
tester. Each leg was tested with the intact spec- 
imens (experiments 1A and 2A), repeated after cut- 
ting of the ACL (experiments 1B and 2B) and the 
PCL (experiments 1C and 2C), respectively. 

To describe the relative spatial rotations and 
translations of the bones, three coordinate systems 
were defined, each with a specific base point (Fig. 
4). In the femur, this point (Pf) was chosen in the 
midsagittal plane, approximately where the helical 
motion axes are located in flexion of the knee (1). 
In the tibia, a point P, was chosen on the tuberosity, 
and in the patella a point P, was chosen in the 
center of the anterior facet. Relative rotations were 
expressed in the body-fixed coordinate systems of 
each bone, subsequently about the x-axis (flexion), 
the y-axis (axial rotation) and the z-axis (valgus- 
varus rotation). Because the rotations are small, 
the sequence is less important in this case. The AP 
translation of the patella relative to the femur was 
calculated as the displacement of point Pf of the 
femur relative to a fixed patella in the direction of 
the z,-axis. The proximal-distal translation of the 
patella as the displacement in the y,-axis direction. 
The AP translation of the tibia relative to the femur, 
the AP drawer, was calculated as a displacement of 
the point Pf relative to a fixed tibia in the direction 
of the z2-axis. 

Reproducibility Tests 

Tests were made to evaluate the reproducibility 
of the AP drawer parameters as measured with the 

f z3 

FIG. 4. Bony-fixed reference systems defined in the femur 
(x,,y,,z,), the tibia (xz,y2,zz), and the patella (x3,y3,z,) to de- 
scribe the relative motions measured with the roentgen 
stereo photogrammetric system. 

J Orthop Res, Vol. 5 ,  No. 3 ,  1987 
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laxity tester in normal subjects and patients. These 
tests were done partly by different observers and 
on different days. In addition, the effects of muscle 
relaxation were studied. 

Tests repeated five times were performed on both 
knees of 15 individuals (12 normal subjects and 3 
patients with unilateral ligament deficiencies) by 
one observer. Two individuals (four knees) were 
tested six times a day on 10 or 11 different days, 
each individual being tested by a different observer. 
This test was meant to examine the possible exis- 
tence of additional between-day variation in the pa- 
rameters. Using one-way analyses of variance 
(random model), separately for each knee and for 
each parameter, the hypothesis was tested that the 
theoretical day means were equal on different days 
(a theoretical day mean is the mean that would be 
obtained if an infinite number of tests were done on 
the day under consideration). 

One patient (one stable and one unstable knee) 
was measured (on one day) five times each by five 
different observers. As in the previous cases, the 
test subjects were repositioned in the laxity tester 
for each new measurement. This experiment was 
designed to investigate the effects of both the factor 
of observer and the factor of time of measurement. 
The observers rotated in a fixed schedule, divided 
in five periods of the day. First, two-way analyses 
of variance (fixed model) were applied. Then, by 
means of one-way analyses of variance, the overall 
hypothesis of equal theoretical observer means was 
tested for each parameter. If this hypothesis was 
rejected (p s 0.05), it was followed by a multiple 
comparison analysis according to Scheffk (15) to 
examine pairwise differences between the ob- 
servers. Finally, seven patient-volunteers with 
normal knees were measured before and after re- 
ceiving lumbar anesthesia, causing complete motor 
block relaxation Bromage Scale I (2), for other pur- 
poses. 

RESULTS 

We found repeatedly that preconditioning of the 
knee to some extent is necessary while applying the 
laxity tester. When we performed subsequent tests, 
the second and subsequent cycles of the drawer 
curve were always reproducible, but the first cycle 
was always notably different. For that reason, a full 
precycle, without registration, was always made 
before the actual test began. Hysteresis between 

the AP- and the PA-directed parts of the curve (the 
upper and the lower curves) is always present. 

Patient relaxation was important. By quadriceps 
activation, the subject could produce AP motions, 
visible on the monitor. Relaxation was checked 
manually by palpation of the quadriceps during 
load application. The inclusion of two loading 
cycles in each test provided an immediate check. 

Accuracy Tests 

The AP drawer shifts as determined for specimen 
2 (Fig. 5 )  were compared with the RSP results for 
the intact knee, then after ACL cutting, and after 
both ACL and PCL cutting. These curves were not 
corrected for gravity. As shown in Fig. 5A, the an- 
terior shift in the intact knee was overestimated by 
-0.4 mm or 7% maximally; the posterior shift was 
overestimated by -1 mm or 20%. In the ACL- and 
PCL-deficient knees, the anterior error was larger 
than the posterior one (Fig. 5B and C) and, relative 
to the value of the drawer, the errors were lower. 

Although both the foot and the thigh were fixed 
as well as possible in the knee-laxity tester, signifi- 
cant amounts of flexion (Fig. 6A) and tibial rota- 
tions (Fig. 6B) occurred, the total amounts of which 
again depended on the presence of the ligaments. 
When pulled anteriorly, the (in vitro) knee flexed 
-6- 11" in this case and rotated internally 11 - 13". 
When the knee was pushed posteriorly, these 
amounts varied between -3 and 4", and 2 and 6". 
These curves were not corrected for gravity. 

AP motion of the patella relative to the femur 
may have contributed to the measurement error. In 
the RSP measurement, however, this error was ex- 
tremely small. 

The relative motions in specimen 1 followed ap- 
proximately the same patterns. Total translations 
and rotations for both specimens between (gravity- 
corrected) AP forces of F = .t 180 N are summa- 
rized in Table 1. In both cases, the laxity tester 
(column 1) gave a reasonably accurate approxima- 
tion of the RSP value for drawer shift (column 2). 
Errors were - 10% and did not appear to be greatly 
influenced by knee flexion and tibial rotation 
(columns 3 and 4). Some AP displacements of the 
patella relative to the femur occurred (column 5): 
-1-3% of the measured AP shift. The proximal- 
distal displacements of the patella relative to the 
femur (column 6) were much larger, due to knee 
flexion, but because of skidbone shifts and low 
friction sliding of the displacement sensor over the 

J Orthop Res, Vol. 5 ,  No.  3, 1987 
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mm 
I 

5A,B mm 

:I 

1 
- 250 -1 50 -50 0 50 150 250 N 

a - p  force 

5c 

l6I 12 

81 

- 4  

-8 - .  
.... 

-250 -150 -50 0 50 150 250 N 
a-p f o r c e  

patella hardly affected the measurements of the AP 
shift. Evidently, the fixation of the upper leg to the 
frame was more flexible in specimen 2 as compared 
with specimen 1 (columns 7, 8, and 9), which ex- 
plains the increased values for knee flexion (col- 
umn 3). 

Reproducibility Tests 

Table 2 shows the results for different parameters 
from 12 normal subjects, each measured five times 

6A,B dgrs 
121 

\ - - .  
-250 -1 50 -50 0 50 150 250 N 

a-p force 

FIG. 5. Comparison between AP drawer shifts as measured 
with the laxity tester and as found in the roentgen stereo 
photogrammetric (RSP) evaluation in specimen 2. (A) intact 
knee; (B) after cutting anterior cruciate ligament (ACL); (C) 
after cutting ACL + posterior cruciate ligament (PCL). The 
curves are not corrected for gravity. = roentgen stereo 
photogram (central knee); t = stress apparatus. 

on the same day by one observer. The means and 
SD and the absolute coefficients of variation (CV 
= ISD/meanl x 100%) of one (typical) normal knee 
are given. Also shown are the means and SD with 
respect to the average CV values of both knees of 
all normals. The total shifts T, and displayed 
the highest reproducibility, with a CV between 2 
and 8%. Second best were the anterior shifts S,, 
and Slg0 with a CV between 3 and 18%, followed by 
the posterior shifts S - ,  and S_,,, between 5% and 
23%. Much less reproducible were the compliances 

I dgrs 
141 internal rot. 

$2 
10 
8 
6 
4 
2 
0 
2 
4 
6 

- 250 -150 -50 0 50 150 150 N 

a- p force 
150 250 N 

a-p force 
-250 -150 -50 0 50 

FIG. 6. Flexion-extension (A) and tibia1 rotation (B) as evaluated with the roentgen stereo photogrammetric (RSP) system in 
specimen 2, during the drawer test, for the intact specimen and after subsequent cutting of the ligaments. = intact; + = ACL 
cut; X = ACL + PCL cut. 
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TABLE 1. Comparison between AP drawer shijits measured with laxity tester and the high-accuracy RSP system in the 
two knee specimens 

RSP: Patella motion 
(femur) 

Laxity tester RSP: Tibia (femur) ~ 

~ Pr-dist. 
AP drawer AP-transl. Flexion Tib.rot. AP-transl. transl. 

(mm) (mm) (“1 (“1 tmm) (mm) 

1 2 3 4 5 6 

Intact (A) 
- - Spec. I 10.5 9.3 3.9 6.4 

Spec. 2 9.0 8.2 10.6 16.6 0.3 2.6 

Spec. 1 21.2 19.2 5.1 7.6 0.2 1.6 
Spec. 2 18.3 19.0 12.6 16.9 0.2 1.4 

ACL cut (B) 

ACL + PCL(C) 
Spec. 1 23.8 23.6 5.8 9.1 0.7 1.2 
Spec. 2 22.8 23.3 12.0 13.3 0.5 1.4 

RSP: Absolute motion femur 

AP-transl. Flex.rot. Axial rot. 
(mm) (“1 (“1 

7 8 9 

8.3 2.0 0.2 
27.0 5.6 3.5 

10.1 2.6 1.9 
28.2 5.8 6.9 

1.7 2.3 1.4 
25.9 5.5 4.1 

AP, anterior-posterior; RSP, roentgen stereo photogrammetric; transl., translation; Tib. rot., tibia1 rotation; Pr-dist. transl., prox- 
imal-distal translation; Flex. rot., flexion rotation; Axial rot., axial rotation; ACL, anterior cruciate ligament; PCL, posterior cruciate 
ligament; Spec., specimen. 

Column 1, TI*,,. 

at 2180 N, with mean relative variations of 41% 
(posterior) and 28% (anterior). Ho was too small for 
a meaningful determination of the CV. H, was rea- 
sonably reproducible per knee, varying in SD from 
-0.1 to 0.3 mm. The zero-force shift (So) had a 
maximal SD value for each knee of 0.9 mm. 

For the unstable knees (n = 3), tested in the 
same way, comparable results were obtained. The 
SD values were of equal magnitude as compared 

TABLE 2. Results of reproducibility tests of I2  normal 
subjects (24 knees) 

12 Normal sub- 
jects 

(average CV of One typical normal knee 
(A.B.R./n = 5) both knees) 

Mean SD CV Mean SD 
Parameter (mm) (mm) (W (W (%) 

5.6 
7.0 

-3.0 
-2.3 

1.1 
3.2 
4.0 

- 

0.2 
0.3 
0.4 
0.3 
0.8 
0.1 
0.2 
0.2 

3 5 1 
4 5 2 

13 12 4 
12 13 5 

- - - 
6 9 5 
4 I 3 

Compliance m d N )  mm/N) 

C-I80 66 19 29 41 16 
cull 512 69 13 16 6 
C,O 38 1 43 11 17 6 
C180 68 20 30 28 10 

Each subject was measured five times on the same day by one ob- 
server. 

with those of normal knees. The absolute CVs 
tended to be considerably lower, because the shifts 
and compliances were higher for these knees. 

Table 3 shows the results of the measurements 
with the right knees of the two individuals tested 
six times a day on 10 or 11 different days. Shown 
are the overall mean values of the parameters, 
pooled estimates for the within-day variations (cor- 
responding to the SD values of Table 2), estimates 
for the between-day variations, and the p values 
obtained by testing for each parameter the hy- 
pothesis that theoretical day means were equal on 
different days. Evidently, this hypothesis must be 
rejected for most of the parameters of knee 1 (p s 
0.05), but not for those of knee 2. The other two 
knees followed the same patterns as knee 1 .  In par- 
ticular, with regard to compliance parameters, the 
between-day variations were usually less important 
than the within-day variations. 

The results of the measurements repeated five 
times on one day by five different observers on one 
patient with a normal right knee and a cruciate-de- 
ficient left knee are given in Table 4, with respect to 
five of the parameters. Other parameters showed 
similar results. Two-way analyses of variance did 
not reveal clear differences between five time pe- 
riods during the day. Consequently, a possible time 
effect was discarded. There are obviously observer 
effects both with respect to shift parameters and 
compliances (Table 4). Significant (p s 0.05) or 
nearly significant (0.05 < p s 0.10) differences in 
pairs were found for several parameters, in most of 
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TABLE 3 .  Means, within-day variances, and estimates 
for between-day variances in two (right) knees of 

normal subjects 

Normal knee 1 (n = 66)lnormal knee 2 (n = 60) 

W-D 
variance B-D 

Parameter Mean (SD) variance p value 

Shift (mm) 
T!m 

s- 180 

L O  
S O  
HO 
s90 
S180 

Compliance 

CIO 
‘180 

4.514.8 
5.915.8 

-2.71-1.8 
- 2.01- 1.5 
- 

0.610.7 
2.513.4 
3.214.1 

52/28 
3541564 
3081441 
62166 

0.310.4 
0.3/0.4 
0.210.4 
0.210.4 
0.410.8 
0.310.3 
0.210.3 
0.210.3 

19/17 
71193 
581101 
21/19 

0.210. 1 
0.310.2 
0.1/0.1 
0.1/0.0 

0.210.0 
0.2/0.2 
0.210.2 

- 

913 
3710 
2019 
010 

0.00110.30 
0.001/0.07 
0.00110.30 
0.00110.41 

0.00110.44 
0.001/0.007 
0.00 110.003 

- 

0.02/0.30 
0.0110.60 
0.0910.42 
0.8010.50 

the pooled SD, we may conclude, with some cau- 
tion, that the systematic differences between the 
theoretical observer means are not large relative to 
the SD of a single observer. 

We questioned whether differences also existed 
between the SDs from different observers. With the 
exception of S ,  and Sls0 for the unstable knee, this 
could not be established, using Bartletts’ test for 
homogeneity of variances (generally, p > 0.05). 

Finally, Table 5 shows the results of comparing 
seven subjects before and after lumbar anesthesia. 
Shown are the means and SD of the average param- 
eter values of both knees before and after anes- 
thesia. Although the absolute means for most pa- 
rameters were slightly larger with anesthesia than 
without (with the exception of S,, and Cue), the dif- 
ferences were not significant according to Student’s 
t tests of paired observations (p > 0.05). 

Subjects were measured six times each day on 10 or 11 subse- 
quent days, respectively, by the same observer; p values were 
obtained by testing the hypothesis that the theoretical day means 
were equal according to a one-way analysis of variance (random 
model). 

which observer 1 was involved. Observer 1 gener- 
ally showed the highest mean values for the normal 
knee. Observer 3 was the observer who provided 
the findings of Table 2. Comparing the variation of 
the estimates of the different observer means with 

DISCUSSION 

In the accuracy tests using the RSP-measurement 
system, pure AP translations of tibia relative to 
femur did not occur in drawer tests, even if the 
thigh and the foot were fixed as well as possible. 
Femoral motions occurred within the soft tissues, 
even if the thigh holder was pressed hard on the 
upper leg. In addition, some ankle motion was pos- 
sible in the foot holder. As a result, significant 
flexion-extension and tibia1 rotations occurred in 

TABLE 4. Means, SD, and pooled SD in five shift and compliance parameters 
~~~ 

Observer: mean (SD) (n = 5 X 5 )  p Values (Nearly) 
Pooled overall significant 

Parameter (unit) 1 2 3 4 5 SD hypothesis pairs (p value) 

Stable knee (R) 
1-3 (0.06) 
1-4 (0.03) 
1-5 (0.04) 

-6.9 (0.7) -6.6 (0.8) -5.7 (0.6) -5.6 (0.4) -5.7 (0.1) 0.6 0.003 S -  180 (mm) 

. ,  
C-,80 mm1N) 110 (23) 105 (36) 89 (16) 81 (30) 78(17) 24 0.21 none 
C,, mm1N) 560 (80) 450 (170) 560 (80) 510 (70) 510 (60) 90 0.39 none 

&80 (mm) 4.5 (0.7) 3.8 (0.9) 4.3 (0.4) 3.7 (0.4) 3.8 (0.5) 0.6 0.15 none 

S - 180 (mm) -8.6 (1.2) -9.0(1.2) -8.5 (0.3) -7.6 (1.0) -8.5 (0.5) 0.9 0.27 none 
C-, , ,  m d N )  130 (25) 118 (30) 105 (15) 109 (23) 99 (26) 24 0.31 none 
Cu0 mm1N) 1080 (50) 960 (200) 1060 (130) 1070 (140) 1310 (140) 130 0.01 2-5 (0.02) 
C, ,  mmlN) 114 (24) 92(17)” 104(16p 119(23)” 96(19)’ 20 0.33 none 
s180 (mm) 9.1 (1.2) 8.1 (2.0) 8.6 (0.4) 9.4 (0.7) 9.8 (0.5) 1.2 0.21 none 

a Only four values available; 
Parameters were measured five times each by five different observers on one day in one patient (one normal, one ligament-deficient 

knee); p values were obtained by testing the hypothesis of equal theoretical observer means according to a one-way analysis of variance 
(fixed model), and the significantly different observer pairs, together with the level of significance, according to the multiple comparison 
model of Scheffe. 

Cls0 mm/N) 112 (28) 96 (24)” 91 (19) 58 (18)” 67 (16)b 22 0.02 1-4 (0.04) 

Unstable knee (L) 

two values available; ‘only three values available. 
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TABLE 5 .  Means and SD of average shift 
and compliance parameters of both knees in seven 

volunteers before and after lumbar anesthesia 

Before After 
anesthesia anesthesia 
(n = 7) (n = 7) 

Parameter Mean SD Mean (SD) p value 

Shift (mm) 
T90 
TI80 

S-180 

s-90 
HO 
s90 
s180 

Compliance 

c- 180 

CUO 
CIO 

m a )  

5.2 
6.5 

- 1.7 
- 1.5 

0.6 
3.7 
4.7 

20b 
600 
403 
60" 

5.3" 
6.6 

- 1.8 
- 1.6" 

0.8 
3.6 
4.9 

38' 
580 
46 1 
111' 

0.68 
0.51 
0.85 
0.87 
0.54 
0.86 
0.73 

0.09 
0.69 
0.16 
- 

a Only six paired values available; bonly 5 paired values avail- 

p values were obtained by testing the hypothesis that anes- 
able; 'only four paired values available. 

thesia had no effect, according to paired Student's t test. 

the knee while the AP drawer test was executed. 
Usually, the AP drawer is rather loosely defined as 
a relative translation of the tibia in the AP direc- 
tion. This definition is unique only when the tibia 
moves relative to the femur in a purely translational 
mode. Because rotations actually occur as well, the 
use of the accurate RSP measurement system re- 
quires a more precise definition. A choice was 
made, in this case, for the displacement between 
the tuberosity of the tibia and a point in the femur 
between the condyles, approximately where the he- 
lical axes of the knee flexion are located. When we 
determined motion in this way, and compared it 
with the values found with the laxity tester, we 
found errors of -10% in the total maximal shifts of 
the intact knee. These relative errors were smaller 
when the ligaments were cut. Although notable 
proximal-distal translations of the patella oc- 
curred, relative to the femur, their effects on the 
results were small. AP displacements of the patella 
relative to the femur were negligible. 

Evidently, the laxity of the knee specimens was 
larger than is usually found in vivo (this was also 
concluded repeatedly by others, e.g., 12). Hence, 
the motion excursions obtained in the RSP mea- 
surements are not entirely realistic. Nevertheless, 
they illustrate two important points. First, it is evi- 

dent that an external thighholder is not effective in 
suppressing these motions completely; second, a 
differential measuring method can be effective in 
circumventing this problem. The important ques- 
tion is how these flexion and tibia1 rotation motions 
affect the validity of the test for particular diag- 
noses of ligament insufficiencies. It is a question 
that deserves further experimental and clinical re- 
search. 

The reproducibility of the drawer test depends on 
a combination of errors, related either to the de- 
vice itself, to the observer, or to the subject. Be- 
cause of the segmental linearization of the curves 
obtained in the test subjects, the random errors are 
partially eliminated. Device-related random errors 
in the individual measurement points may occur 
because of the limitations in the resolution of the 
force and displacement registrations (2.2 N and 
0.35 mm, respectively) and as a consequence of 
temperature fluctuations or drift in the electronic 
circuits. Once the subject is positioned in the appa- 
ratus, the results of the measurements can only be 
influenced by the force application rate, the time 
lapse between AP cycles (both related to visco- 
elastic effects), and by the muscle relaxation state 
of the subject. Although muscle relaxation is man- 
ually tested during the AP loading cycle and re- 
peated tests (Fig. 2)  show a high degree of repro- 
ducibility (provided that a full preconditioning 
cycle is made), imprecisions due to these effects 
cannot be completely discarded. Nevertheless, the 
most important observer-related errors are prob- 
ably caused by differences between positioning 
procedures. This expectation is supported by the 
results of the positioning and measurement re- 
peated five times on 12 normal subjects, which 
showed SD values of up to 0.9 mm for So, and only 
up to 0.3 mm for Ho. The former has no effect on 
the precision of the test, being a reference-deter- 
mining parameter, but does give an indication of the 
reproducibility of the subject positioning proce- 
dure. The latter, the H,, is a measure of viscoelastic 
effects in the knee. Its relatively low SD indicates 
that these effects play only a minor role in the 
overall errors. 

Further support for the expectation that visco- 
elastic effects are negligible relative to the other 
errors is found in the results of the tests repeated 25 
times on one subject by five different observers, in 
which no clear time effect was found. The impor- 
tance of the positioning procedure was further em- 
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phasized when the findings of different observers 
were compared (Table 5) .  

Although some significant between-day varia- 
tions for the compliance parameters were found, 
most variations were negligible relative to the 
within-day variations (Table 3).  A between-day 
variation in most of the shift parameters, however, 
could not be neglected. Because no clear time ef- 
fect was found in the test involving different ob- 
servers measuring one patient, it is unlikely that the 
between-day variation in shift parameters was ob- 
server related. Hence, it must have been either 
subject related or device related. Most likely, it was 
an effect of temperature differences or drift in the 
electronic parts of the displacement transducers 
(full-scale calibration). This would indeed affect the 
shifts more than the slopes. 

There is no doubt that the results of the test can 
potentially be jeopardized by muscle activation of 
the subject; this can be clearly shown on the mon- 
itor. The expectation that by proper instruction and 
control this effect plays no important role in prac- 
tice relative to positioning effects was supported by 
the comparison of tests before and after lumbar an- 
esthesia (Table 5) ,  which did not result in significant 
differences. A slightly higher laxity in the anesthe- 
tized subjects was found consistently, suggesting 
that significant differences could have been de- 
tected with more observations. 

Overall, in the normal knee, using this particular 
laxity tester, a within-day variation on the order of 
5% (CV) can be expected in the total laxity, be- 
tween - 180 N and + 180 N and between -90 N 
and +90 N. The anterior shifts for 90 N and 180 N 
were reproducible to -10%; the posterior shifts 
were reproducible to - 15%. The within-day varia- 
tion of the anterior and posterior compliances for 
k180 N was on the order of 30-40%; the zero- 
force compliances were -20%. These relative 
errors were generally somewhat lower in unstable 
knees, because in that case the absolute parameter 
values were higher whereas the absolute errors 
were on the same order of magnitude. 
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