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Effects of lower limb and pelvic pin
positions on leg length and offset
measurement errors in experimental total
hip arthroplasty
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Abstract

Background: Leg length (LL) and offset (OS) are important factors in total hip arthroplasty (THA). Because most LL
and OS callipers used in THA depend on fixed points on the pelvis and the femur, limb position could affect
measurement error. This study was conducted on a THA simulator to clarify the effects of lower limb position and
iliac pin position on LL and OS errors and to determine the permissible range of limb position for accurate LL and
OS measurement.

Methods: An LL and OS measurement instrument was used. Two pin positions were tested: the iliac tubercle and
the top of the iliac crest intersecting with the extension of the femoral axis. First, the limb was moved in one
direction (flexion-extension, abduction-adduction, or internal-external rotation), and LL and OS were measured for
each pin position. Next, the limb was moved in combinations of the three directions. Then, the permissible range
of combined limb position, which resulted in LL and OS measurement error within ±2 mm, was determined for
each pin position.

Results: Only 4° of abduction/adduction caused 5–7 mm error in LL and 2–4 mm error in OS, irrespective of pin
position. The effects of flexion–extension and internal–external rotation on LL error were smaller for the top of the
iliac crest than for the iliac tubercle, though OS error was similar for both pin positions. For LL, the permissible
range of the combined limb position was wider for the top of the iliac crest than for the iliac tubercle.

Conclusion: To minimize LL and OS measurement errors in THA, adduction–abduction must be maintained. The
iliac pin position in the top of the iliac crest is preferred because it provides less LL measurement error and a wider
permissible range of combined limb position for accurate LL measurement.
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Introduction
Total hip arthroplasty (THA) has revolutionized patient
care in end-stage hip arthritis cases. In order to achieve
an optimal functional result after THA, it is desirable to
properly adjust leg length (LL) and restore offset (OS)
within the hip. LL inequality after THA can cause limp-
ing, pain in the knee or back, abnormal force transmis-
sion across the hip, revision surgery, and even litigation
[1–7]. Inadequate OS restoration can also cause hip-
joint instability, increased polyethylene wear, and de-
creased range of motion [8, 9].
During THA, Charnley first advocated the use of a

femoral component with an extended offset, though it
was not generally adopted. The high-offset neck option
was introduced to the orthopaedic field in the late
1990s, and it soon became generally used in the early
2000s [8, 10]. Surgeons wishing to increase femoral neck
OS during THA now had three options:(1) increasing
the neck length of the modular femoral head, (2) using a
stem with a lower neck–shaft angle, or (3) using a fem-
oral stem with a constant neck–shaft angle, but a media-
lized ‘high-offset’ femoral neck. Options (1) and (2)
increase OS, but also alter LL, whereas option (3) only
affects OS and not LL. Since surgeons wanted to manage
both LL and OS more precisely, several LL/OS callipers
were developed [6, 11, 12].
The LL and OS measurement instrument (LOMI;

Smith & Nephew, Memphis, TN, USA) is a unique de-
vice to simultaneously measure both LL and OS during
THA [10]. The LOMI detects changes in LL and OS (i.e.
global offset) prior to hip dislocation and after the trial
components or final implants have been inserted. The
use of the LOMI increases operation time by 5 min
compared to unassisted surgery. In many cases of pri-
mary osteoarthritis without marked deformity, LL and
OS remain unchanged after THA. On the other hand, in
secondary osteoarthritis, such as developmental dyspla-
sia of the hip (DDH), the anatomical implantation of the
prostheses might change the LL and OS greatly from the
pre-operative condition. Therefore, to adjust LL properly
and restore OS according to pre-operative planning, it
would be helpful to be able to measure the change in LL
and OS during THA. Because the neck–shaft angles of
the current femoral stems are around 130°, a 3-mm
neck-length change by modular heads results in approxi-
mately 2-mm changes in LL and OS. Therefore, accur-
acy of intra-operative LL and OS measurement should
be less than 2 mm. Furthermore, limb position repeat-
ability that results in no more than a 2-mm leg length
and/or offset measurement error is considered to be a
prerequisite for leg length and offset measurement. As
with other LL callipers, intra-operative measurements
with the LOMI are based on measurements between
fixed points on the pelvis and femur. Because the fixed

reference points are located away from the centre of the
hip joint, small errors in femur repositioning can lead to
large errors in measurement [6]. It is not easy to place
the femur in exactly the same position between mea-
surements during THA. Additionally, LL measurements
are known to be affected by the location of the fixed
point on the pelvis [12], and the errors of LL and OS
measurements due to the lower limb position in relation
to iliac pin position have not been clearly described.
Therefore, this study was conducted on a THA simula-
tor to clarify the effects of lower limb position (flexion
(FX)/extension (EX), abduction (ABD)/adduction
(ADD), and internal rotation (IR)/external rotation (ER))
on LL and OS errors in relation to iliac pin position.
Furthermore, the permissible range of combined limb
position, which made LL and OS measurement errors
within ±2 mm, was determined.

Materials and methods
A custom-made experimental device was developed to
simulate the thigh and pelvis in the lateral decubitus
position as they would present during THA surgery
(Fig. 1). A Sawbone hemi-pelvis model was rigidly fixed
to a heavy pedestal on a solid metal baseboard (width 50
cm, length 90 cm, and thickness 2 cm). A 56-mm

Fig. 1 Photographs of the experimental device simulating total hip
arthroplasty in the lateral decubitus position. a Anterior–posterior
view. A leg length and offset measurement instrument (LOMI) is
mounted on a pelvic pin inserted in the iliac tubercle (P1). b Lateral
view. The LOMI is mounted on top of the iliac crest intersecting
with the extension of the femoral axis (P2). P1 is situated 22°
anterior in relation to the centre of rotation of the hip
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acetabular metal shell and an appropriate polyethylene
liner (Reflection SP3 and XLPE, Smith & Nephew) were
firmly fixed to the hemi-pelvis in the usual surgical fash-
ion. A #12 femoral broach of the Synergy hip system
(Smith & Nephew) was tightly seated into the Sawbone
femur using the usual femoral preparation. A high-offset
trial neck with a 28-mm diameter, cobalt-chromium
femoral head (+0 neck length) was attached to the fem-
oral broach. A bar was fixed to the hole at the shoulder
of the broach as an indicator of rotation. The bar was
perpendicular to the long axis of the neck-shaft of the
broach. The distal end of the femur was held with a
custom-made clamp, which could change the angles of
the hip joint three-dimensionally as desired. The centre
of rotation of the hip joint was projected on the base-
board to represent the origin of a protractor for FX/EX.
Next, to define the 0° FX/EX angle, a line parallel to the
longer edge of the base board was drawn from the ori-
gin. Then, lines were drawn on the base board from 30°
FX to 30° EX in 2° increments. The IR/ER angle was de-
termined using a level gauge on the bar. When the bar
was horizontal, IR/ER was defined as being 0°. Similarly,
the ADD/ABD angle was determined using the level
gauge on the lateral surface of the femur. When the
femur was horizontal, ADD/ABD was defined as being
0°. Two reference pins were set in the ilium (Fig. 1b).
The first pin was put in the iliac tubercle (P1). The iliac
tubercle, a prominence of the iliac wing, is situated just
posterior to the anterior–superior iliac spine. P1 is usu-
ally chosen in actual THA to achieve secure pin fixation
[8, 10]. P1 is situated 22° anterior in relation to the
centre of rotation of the hip. The second pin was put in
the top of the iliac crest that would intersect with the
long axis of the femur at the 0° FX/EX line (P2). As for
the measuring point, the lateral prominence of the
greater trochanter was chosen. To clearly mark the
point, a 3.5-mm cortical screw was placed.
We conducted a preliminary experiment to examine the

accuracy and repeatability of the LOMI in the experimental
THA system. The pelvic pins were set in P1 and P2. The
femur was seated in neutral (0° of FX/EX, ABD/ADD, and
IR/ER) position. Using three different modular heads (neck
length; − 5, 0, and 5 mm), LL and OS were measured three
times on two different days. Mean values and standard devia-
tions were calculated for all measurements. Because the
neck-shaft angle of the Synergy stem is 131°, a 5-mm differ-
ence in the neck results in a 3.3-mm difference in leg length
and a 3.8-mm difference in offset. For P1, the mean value
and standard deviation were 3.5 ± 0.7 mm in LL and 3.5 ±
0.4 mm in OS, respectively. For P2, the mean value and
standard deviation were 3.3 ± 0.5 mm in LL and 3.5 ± 0.9
mm in OS, respectively. Therefore, the accuracy and repeat-
ability of the LOMI on the THA simulator were found to be
within 0.3 and 0.9 mm, respectively.

To determine LL and OS measurement errors associ-
ated with limb position, the limb position was changed.
Initially, it was changed in one direction while the other
directions were fixed. The range of limb position change
was 30° FX to 30° EX, 18° ABD to 10° ADD, and 30° IR
to 30° ER, each in 2° increments.
Next, to determine the permissible range of the com-

bined limb position for accurate LL and OS measure-
ment, the position was changed with various
combinations of ABD/ADD, FX/EX, and IR/ER to simu-
late the actual surgical situation. LL and OS measure-
ment errors were set within ±2 mm for the permissible
ranges. Tested angles in ABD/ADD were 0° and 4° of
ADD. At each ADD angle, FX/EX was changed from 20°
FX to 8° EX in 4° increments. Furthermore, IR/ER was
changed from 20° IR to 20° ER in 4° increments at each
FX/EX angle. Thus, a total of 88 measurements were
done at each ADD angle. A chi-square test was used to
compare the permissible range for P1 and P2. P < 0.05
was considered statistically significant.
The pelvic pins were set in P1 and P2. For each limb

position, LL and OS were measured three times, and the
mean values were calculated. The differences of the
mean values of LL and OS between neutral (0° of FX/
EX, ABD/ADD, and IR/ER) and each position were de-
fined as the errors. Error of the limb position in one dir-
ection is shown by line graphs, and error in the
combined directions is shown by contour graphs. Micro-
soft Excel for Microsoft 365 MSO was used for graphs.

Results
Leg length and offset errors associated with
unidirectional change of limb position
The effects of ADD/ABD on LL and OS errors were enor-
mous, irrespective of pin position (Fig. 2). As ADD in-
creased, LL became longer and OS became smaller.
Conversely, as ABD increased, LL became shorter and OS
became larger. ADD/ABD of only 4° caused approximately
5–7-mm error in LL and 2–4-mm error in OS. The total
error was as much as 34 mm in LL and 14 mm in OS.
The effect of FX/EX on LL was larger for P1 than for

P2 (Fig. 3). In P1, LL became shorter in FX and longer
in EX; the total error was 9.2 mm. In P2, LL became
slightly shorter either in FX or EX; the total error was 4
mm. The effect of FX/EX on OS was very small, within
1.5 mm for both P1 and P2.
The effect of IR/ER on LL was also larger for P1 than

for P2 (Fig. 4). In P1, LL became shorter with an in-
crease of IR and longer with an increase of ER; the total
error was 17 mm. In P2, LL became slightly longer with
an increase in either IR or ER; the total error was 5 mm.
The effect of IR/ER on OS was similar for P1 and P2.
OS became smaller with increases of IR and ER; the total
error was 10 mm.
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The permissible range of combined limb position for
accurate leg length and offset measurements
At 0° of ADD, the permissible range of combined limb
position for LL was much wider for P2 than for P1
(Figs. 5 and 6). The permissible range of LL for P2
ranged from 16° of IR to 12° of ER combined with 8° of
FX and EX. The permissible range of LL for P1 was nar-
row; for example, only from 4° of IR to 4° of ER was per-
missible in 0° of FX/EX. In P2, LL error within ±2 mm
was seen in 57 of 88 measurement points. In contrast,
LL error within ±2 mm was seen in 24 points in P1. LL
error within ±2 mm was more frequently observed in P2
than in P1 (chi-square test, P < 0.01). At 4° of ADD, the
permissible range of LL was much reduced and shifted
to FX and IR: LL error within ±2 mm was seen in 17
and 6 points, respectively, for P1 and P2.
As for OS, the permissible range of combined limb

position at 0° of ADD was wide for both P1 and P2

(Figs. 7 and 8). The permissible range of OS spread from
12° of ER to 12° of IR combined with 16° of FX to 8° of
EX. OS error within ±2 mm was seen in 55 and 56 points,
respectively, in P1 and P2 (chi-square test, P = 0.98). How-
ever, the permissible range of combined limb position in
OS disappeared totally at 4° of ADD for both P1 and P2.

Discussion
In the past, several authors described intra-operative LL meas-
urement using callipers, although few authors mentioned
intra-operative OS measurement during THA [6, 11, 12]. It is
known that precise lower limb repositioning, especially ABD/
ADD, is essential to minimize LL and OS measurement errors
[13]. To date, no study has investigated the effects of FX/EX
and IR/ER on LL and OS measurements. Furthermore, no
study has investigated the permissible range of combined limb
position for accurate LL and OS measurement.

Fig. 2 Leg length and offset measurement errors in relation to abduction–adduction. The limb is moved from 18° abduction to 10° adduction.
P1, pelvic pin position in the iliac tubercle; P2, pelvic pin position in the iliac crest in line with the longitudinal axis of the femur; LL, leg length;
OS, offset

Fig. 3 Leg length and offset measurement errors in relation to flexion-extension. The limb is moved from 30° flexion to 30° extension. P1, pelvic
pin position in the iliac tubercle; P2, pelvic pin position in the iliac crest in line with the longitudinal axis of the femur; LL, leg length; OS, offset
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The purpose of this study was to (1) clarify the effects
of lower limb position (FX/EX, ABD/ADD, and IR/ER)
on LL and OS errors and (2) determine the permissible
range of combined limb position in relation to iliac pin
position. In the present study, two iliac pin positions
were tested. Although P1 is used in actual THA to pre-
vent pin loosening during surgery, P1 is not the ideal pin
position from the perspective of leg length measurement
accuracy, because P1 is situated 22° anterior in relation
to the centre of rotation of the hip [8, 10, 12]. In con-
trast, P2 has no anterior or posterior bias in relation to
the centre of rotation of the hip, and it would be difficult
to achieve secure pin fixation because of the thin and
weak nature of living bone near the top of the iliac crest.
It was found that changes in limb ABD/ADD had the
greatest effect, irrespective of whether the pelvic refer-
ence pin was placed in the iliac tubercle (P1) or in the

iliac crest in line with the long axis of the femur (P2).
ABD or ADD of just 4° resulted in an error of approxi-
mately 5–7 mm for LL and 2–4 mm for OS. Sarin et al.,
using a different technique, obtained results consistent
with the present results. They found that 10° of hip ABD
or ADD resulted in a 14–17-mm error for LL and 9.5–
11.1-mm error for OS [13]. Although the experimental
conditions were not identical, both studies showed that
limb position in ABD/ADD should be strictly main-
tained during LL and OS measurement in THA.
In the present study, LL measurement error in associ-

ation with FX/EX and IR/ER limb position change was
smaller for pelvic-pin placement in P2 than for pin
placement in P1. Shiramizu et al. developed an L-shaped
calliper that enables LL measurement parallel to the
limb lengthening axis [12]. They concluded that the
error between the intra-operative measurement and the

Fig. 4 Leg length and offset measurement errors in relation to internal rotation–external rotation. The limb is moved from 30° internal rotation to
30° external rotation. P1, pelvic pin position in the iliac tubercle; P2, pelvic pin position in the iliac crest in line with the longitudinal axis of the
femur; LL, leg length; OS, offset

Fig. 5 Leg length measurement error in relation to combined limb position for P1 at 0°of adduction. The limb is moved from 20° flexion to 8°
extension combined with 20° of internal and external rotation. The permissible range (leg length measurement error within ±2 mm) is
painted green
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radiographic measurement was reduced significantly in
absolute value using the device. Their limb lengthening
axis was equivalent to the present line with the longitu-
dinal axis of the femur. Therefore, the present findings
support their results. P2 should be chosen as the refer-
ence pin position in the ilium to reduce LL measure-
ment error.
Unlike LL, no effect of iliac pin position on OS error

was found for FX/EX positional change. Theoretically,
OS does not change in FX/EX because the movement of
FX/EX takes place in the sagittal plane. The result of the
present experiment, that the error of OS measurement
in FX/EX was within 1.5 mm for both P1 and P2, was
consistent with theory. Although the effect of IR/ER on
OS error was 10 mm in total and should not be ignored,

the OS error was no more than 2 mm from 12° of IR to
12° of ER.
In actual THA, lower limb reposition could change in

combination with ABD/ADD, FX/EX, and IR/ER. The
present study showed the permissible range of combined
limb position that enables LL and OS errors within ±2
mm for different pelvic pin positions. Without regard to
combined FX/EX and IR/ER limb positions, as little as 4°
of ADD reduced the permissible range of combined limb
position for LL and eliminated that for OS. If ABD/ADD
was fixed to neutral (i.e. 0° of ABD/ADD), the permis-
sible range of combined FX/EX and IR/ER limb position
in LL for P2 was wide. A serious disadvantage for pelvic
reference position P1 is the narrow permissible range
near the neutral position. On the other hand, a big

Fig. 6 Leg length measurement error in relation to combined limb position for P2 at 0°of adduction. The limb is moved from 20° flexion to 8°
extension combined with 20° of internal and external rotation. The permissible range (leg length measurement error within ±2 mm) is
painted green

Fig. 7 Offset measurement error in relation to combined limb position for P1 at 0° of adduction. The limb is moved from 20° flexion to 8°
extension combined with 20° of internal and external rotation. The permissible range (offset measurement error within ±2 mm) is painted green
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advantage for pelvic reference position P2 is the wide
permissible range around the neutral position. Because
LL and OS measurement during actual THA is done
with the lower limb position as neutral as possible [12],
pelvic reference position P2 should be chosen to reduce
intraoperative LL measurement error. As for OS, the
permissible range of combined FX/EX and IR/ER limb
position was wide as long as ABD/ADD was fixed to
neutral, irrespective of pelvic pin position. Therefore,
FX/EX and IR/ER limb positions would not be so critical
for OS measurement during actual THA.
In actual THA surgery in the lateral decubitus pos-

ition, proper attention must be given to maintaining ip-
silateral lower limb positioning with regard to ADD/
ABD, FX/EX, and IR/ER whenever LL and OS measure-
ments are done. To achieve this condition, we put the
ipsilateral lower limb on a sterile Mayo stand with the
knee flexed to maintain the neutral ABD/ADD and IR/
ER position. Thus, the thigh and the lower leg are held
parallel to the floor. Furthermore, we draw the position
of the ipsilateral lower limb on the surgical drape overly-
ing the Mayo stand at the beginning of the operation
and fit the lower limb within this drawing in order to
maintain the FX/EX position.
There are limitations to this study. In this study, an

experimental THA simulator in the lateral decubitus
position was used. Therefore, all of these results are only
applicable to lateral decubitus approaches. In an actual
THA operation, not only lower limb but also pelvic pos-
ition might change during surgery [6, 14]. It is difficult
to assess subtle changes in pelvic tilt during THA. How-
ever, pelvic tilt might be able to be identified by the
change in inclination of the fixed pin on the pelvis from
the initial position. Furthermore, the soft tissue factor
was not considered. Therefore, all of the results might
not be applicable to actual THA. Finally, the LOMI

should be improved to measure LL from the pelvic pin
position in the iliac crest in line with the longitudinal
axis of the femur. A clinical study is necessary to verify
the accuracy of LL measurement using the improved
device.
Recently, computer navigation systems have been de-

veloped for more precise THA surgery [15–17]. Com-
puter navigation provides real-time information about
the positional changes of the pelvis and femur. There-
fore, computer navigation systems enable accurate LL
and OS measurements if relative positional change be-
tween the pelvis and the femur is present. However,
even in computer-navigated THA, repositioning of the
femur is an issue; Renkawitz et al. recommended keep-
ing FX/EX, ABD/ADD, and IR/ER within ±5° compared
with the preoperative neutral position [18]. Several stud-
ies have shown that more accurate LL and OS recon-
struction can be achieved in THA by using the
computer navigation system rather than the conven-
tional, non-navigated surgery [19–23]. However, Ogawa
et al. showed good equalization of the leg lengths using
both computed tomography-based navigation and the
simple manual measurement calliper [24]. Many studies
pointed out the disadvantages of computer navigation sur-
gery, including the high costs of acquisition and mainten-
ance of the necessary devices, the longer operation time,
and the complications related to the pins. Moreover, the
accuracy of LL and OS measurements using computer
navigation systems is variable [19, 21, 25–28]. In most
studies, the accuracy of LL and OS measurements was re-
ported based on the difference between the normal side
and the THA side using a postoperative radiograph. The
difference is usually set to 4–6 mm, although whether the
4–6 mm difference is sufficient is controversial. In some
studies, cases of DDH with preoperative severe sublux-
ation were excluded [23–27]. Accurate intraoperative LL

Fig. 8 Offset measurement error in relation to combined limb position for P2 at 0° of adduction. The limb is moved from 20° flexion to 8°
extension combined with 20° of internal and external rotation. The permissible range (offset measurement error within ±2 mm) is painted green
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and OS measurements having marked leg length discrep-
ancy might be still challenging even when using a com-
puter navigation system. Therefore, direct LL and OS
measurement with LOMI would help surgeons to choose
optimal neck options of the femoral stem and the modular
femoral heads having different neck length during THA.

Conclusions
The effects of lower limb position (FX/EX, ABD/ADD,
and IR/ER) on LL and OS errors in relation to iliac pin
position and the permissible range of combined limb
position to achieve measurement errors within ±2 mm
of LL and OS were clarified. Because changes in limb
ABD/ADD position had the greatest effect on LL and
OS measurements irrespective of pelvic pin position,
ABD/ADD position should be strictly maintained when-
ever LL and OS are measured. The pelvic pin position in
the iliac crest in line with the longitudinal axis of the
femur is preferred, because LL measurement error is re-
duced, and the permissible range of combined limb pos-
ition is wide. All this basic information is useful to
improve LL and OS measurement accuracy using man-
ual callipers in THA.
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