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Abstract

Background Manual techniques of reproducing a preop-

erative plan for primary bone tumor resection using

rudimentary devices and imprecise localization techniques

can result in compromised margins or unnecessary removal

of unaffected tissue. We examined whether a novel tech-

nique using computer-generated custom jigs more

accurately reproduces a preoperative resection plan than a

standard manual technique.

Description of Technique Using CT images and advanced

imaging, reverse engineering, and computer-assisted

design software, custom jigs were designed to precisely

conform to a specific location on the surface of partially

skeletonized cadaveric femurs. The jigs were used to per-

form a hemimetaphyseal resection.

Methods We performed CT scans on six matched pairs of

cadaveric femurs. Based on a primary bone sarcoma

model, a joint-sparing, hemimetaphyseal wide resection

was precisely outlined on each femur. For each pair, the

resection was performed using the standard manual tech-

nique on one specimen and the custom jig-assisted

technique on the other. Superimposition of preoperative

and postresection images enabled quantitative analysis of

resection accuracy.

Results The mean maximum deviation from the preop-

erative plan was 9.0 mm for the manual group and 2.0 mm

for the custom-jig group. The percentages of times the

maximum deviation was greater than 3 mm and greater

than 4 mm was 100% and 72% for the manual group and

5.6% and 0.0% for the custom-jig group, respectively.

Conclusions Our findings suggest that custom-jig tech-

nology substantially improves the accuracy of primary

bone tumor resection, enabling a surgeon to reproduce a

given preoperative plan reliably and consistently.

Introduction

With currently available advanced imaging modalities,

orthopaedic surgeons can precisely identify boundaries of

primary bone tumors before surgical resection [11, 26]. In

theory, the surgeon can outline an accurate, ideal resection

plan preoperatively to satisfy basic oncologic resection

principles [29, 30] and maximize preservation of normal
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tissue. In reality, however, the standard tools and tech-

niques used by orthopaedic surgeons can substantially limit

the ability to reliably and consistently reproduce the ideal

preoperative plan at the time of resection [6] with poten-

tially serious consequences. For instance, the surgeon may

inadvertently cut into the tumor during surgery. In the case

of an osteogenic sarcoma [24], such imprecision can

increase rates of local recurrence and mortality [3–5, 23].

Alternatively, the surgeon may opt to resect substantially

more normal tissue to avoid tumor disruption. The latter

approach satisfies the basic oncologic principles, but the

resection of substantially more normal tissue can substan-

tially affect functional outcome [2].

Custom jigs are currently used in knee arthroplasty to

help the surgeon reproduce a well-defined preoperative

plan at the time of surgery [9, 17]. The design of a custom

jig typically is based on either preoperative CT or MRI

scans. Constructed of plastic, the jig fits onto the bone

surface in only one possible configuration, thereby orient-

ing the surgeon to the proper bone location for correct jig

placement. The jig can be designed to guide the path of

surgical cutting tools, enabling the surgeon to exactly

reproduce an ideal preoperative plan. To our knowledge,

no group has reported on the use of custom-jig technology

in orthopaedic oncology.

In this study on partially skeletonized cadaveric femurs,

we developed and validated a novel technique for resection

of primary bone sarcomas using computer-generated cus-

tom jigs. We evaluated whether a custom jig-assisted bone

tumor resection technique yields substantial improvement

in accurate and consistent reproduction of a well-defined

preoperative plan compared with traditional manual

resection techniques.

Surgical Technique

We first developed a detailed preoperative plan for six

matched pairs of partially skeletonized cadaveric femurs.

Each specimen was imaged using a CT scanner with

0.625-mm-thick axial slices (General Electric Healthcare,

Tacoma, WA, USA). The images were reconstructed three-

dimensionally using advanced imaging software (Mimics,

Version 13.0; Materialise NV, Leuven, Belgium), and the

three-dimensional model was imported into computer-

aided design (CAD) software (Pro/Engineer Wildfire 5.0;

Parametric Technology Corporation, Needham, MA,

USA). The surgeon and engineer used the software to

precisely outline the mentioned ideal joint-sparing hemi-

metaphyseal resection on all specimens.

The medial epicondyle, distal medial articular surface, and

anterior limit of the intercondylar notch were identified as

anatomic landmarks on the three-dimensional reconstructed

images of the specimen for use as reference points during

surgery. The perpendicular distance from each anatomic

landmark to the superior, inferior, and vertical target osteot-

omy planes was calculated (Fig. 1). The same resection

dimensions and osteotomy plane locations with respect to

anatomic landmarks were incorporated into manual and cus-

tom-jig preoperative plans. A printout of the preoperative plan

served as a visual aid for the surgeons performing the manual

procedure, similar to the procedure currently used by ortho-

paedic oncologists during traditional manual resections [31].

Using the preoperative plan and imaging data, we first

created the custom jig virtually using CAD software

(Fig. 2). The proximally based jig was collaboratively

designed by an engineer with substantial custom-jig design

experience and the surgeons, who helped to ensure the

feasibility of the jig as a surgical tool. By subtracting the

bony anatomy from the jig geometry with reverse engi-

neering software (Geomagic Studio1; Geomagic, Inc,

Research Triangle Park, NC, USA), the contacting surface

of the jig was designed to conform to the bone surface in

the region surrounding, but not superficial or into, the

tumor. As an additional visual clue to assist in proper jig

placement, the distal end of the jig was shaped to match to

the superior ridge of the articular cartilage. Three perpen-

dicular slots were created in the jig to accept a 0.89-mm-

thick saw blade, creating a capture guide analogous to that

used in traditional knee arthroplasty. Three holes, to

accommodate 3.2-mm Steinmann pins placed outside the

Fig. 1 This is a three-dimensionally reconstructed CT image of a

cadaveric femur with the distances from visible and/or palpable

external landmarks depicted. The image was printed out for each

manual resection specimen and used by the surgeon to perform the

resection.
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resection area, also were incorporated into the design for

securing the jig in place while the surgeons performed the

saw cuts.

After finalization of the jig design and preoperative

plans, the jig was fabricated using acrylonitrile butadiene

styrene (ABS) plastic on a rapid prototyping machine

(Dimension Elite; Stratasys, Inc, Eden Prairie, MN, USA).

An ABS plastic reproduction of the specific cadaveric

specimen on which each jig was based also was produced

to facilitate familiarization with proper placement and

seating of each jig on its corresponding bone before the

procedure.

To perform the traditional manual resection, the surgeon

identified appropriate anatomic landmarks on the cadaveric

specimen and, guided by a printout of the preoperative

plan, used a standard surgical (flexible metal) ruler and a

marking pen to outline the three osteotomy planes (Fig. 3).

A standard 0.89-mm-thick oscillating surgical saw then

was used to create the three osteotomy planes of the

resection.

For the custom jig-assisted resection, the soft tissue

around the tumor (but not above or superficial to the tumor)

was gently dissected back as a continuous sleeve from the

bone such that it could be relaid over the bone in its

original position after the resection; the periosteal sleeve

was left on the bone. In this particular experiment, this

dissection was relatively easy because the specimens were

largely skeletonized. The jig then was applied to the bone.

A three-dimensional plastic model of the cadaveric speci-

men was kept nearby for reference, as needed, to ensure

that the jig was sitting correctly. Other visual clues such as

the proximal ridge of articular cartilage and its position

relative to the jig also were used to ensure adequate posi-

tioning of the jig (Fig. 4). The jig was applied with

minimal uncertainty relative to its correct position on each

of the six specimens. After appropriate seating, the jig was

secured in a bicortical fashion with 3.2-mm Steinmann pins

through holes designed in the jig for that purpose. Two

orthopaedic oncology fellowship-trained surgeons then

made the cuts through capture guide slots in the jig with a

0.89-mm-thick saw blade (Stryker, Kalamazoo, MI, USA).

The resected bone, pins, and jig then were removed.

Materials and Methods

To compare manual and custom-jig resection accuracy, we

used six matched pairs of cadaveric femurs. In each pair,

one specimen was resected using the custom jig-assisted

technique (custom-jig group); the other was resected using

the traditional manual technique (manual group). We used

a distal femur joint-sparing hemimetaphyseal resection as

our model. After CT imaging of each cadaveric specimen,

we detailed an exact preoperative resection plan for the

Fig. 2 This is a computer-aided design model of a computer-

generated custom jig applied to the three-dimensionally reconstructed

image of a cadaveric femur. The three holes depicted in the jig model

allow for the introduction of Steinmann pins to secure the jig in place

(for illustration, a pin is depicted in one of the three holes). The three

slots built into the jig are designed to accept and capture a 0.89-mm-

thick saw blade controlled by the surgeon. The placement and

orientation of the slots are designed to precisely correspond to the

desired resection plan as defined in the preoperative plan.

Fig. 3 A joint-sparing hemimetaphyseal resection is outlined on a

cadaveric femur using the traditional manual technique. Using a

printout of the preoperative resection plan for this specific cadaveric

femur as a reference, the surgeon used a standard flexible metal

surgical ruler and a marking pen to outline each limb of the osteotomy

with respect to key visible and/or palpable external landmarks. This

replicates the manner in which traditional manual resections typically

are performed.
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joint-sparing resection and charged the surgeon with the

task of identically reproducing this preoperative plan dur-

ing surgery on the cadaveric specimen (Fig. 5).

Development of the resection model was guided by MRI

scans of an adolescent who presented to our clinic with a

high-grade osteogenic sarcoma of the distal femur (Fig. 6);

in this case, an ideal resection would remove the entire

tumor en bloc with a surrounding cuff of normal tissue but

spare the joint.

To analyze the accuracy of the two techniques, we

obtained CT scans of each resected specimen with 0.625-

mm-thick axial slices. A three-dimensional image of each

specimen was created using the advanced imaging software

(Mimics), and the reverse engineering software (Geomagic

Studio1) was used to identify all points on each of the

three cut surfaces. The software then was used to compile

sets of discrete coordinate points for the cortical rims of the

superior, inferior, and vertical cuts made to the specimens

(Fig. 7) and to calculate best-fit planes corresponding to the

three cortical rims in each bone. Cancellous surfaces were

deliberately excluded during collection of the coordinate

points for the resected specimens because incorporation of

points from the cancellous voids would have confounded

the best-fit plane calculations. For each specimen, a stan-

dard best-alignment function of the software was used to

perfectly superimpose the preoperative and postoperative

images, placing them in a common coordinate system for

further analysis (Fig. 8).

For each limb of the osteotomy, various geometric

relationships between the resected cortical rim data point

sets (and their best-fit planes) and the preoperative plan

target planes were evaluated with the CAD software. For

coordinate point data sets, the perpendicular distance

between each point and the corresponding preoperative

target plane was calculated. The data were reported in a

form that was consistent with the standards of the Inter-

national Organization of Standardization (ISO) [12].

According to ISO standards, the location error (the

maximum deviation from the preoperative plan) is defined

as the vertical distance from the target plane to the cut

point that is farthest from the target plane (Fig. 9).

Although not an ISO standard, we also calculated the

mean deviation of the points from the target plane by

calculating the mean of the absolute distance of each

point from the target plane. Additionally, the angles of

inclination between the target plane and best-fit planes

were calculated. Similar to previous reports [6, 7] and to

ISO parameters [12], the angles of inclination were

measured by projecting the target and resection planes in

a plane parallel to the approximate anatomic AP axis of

the femur (the front angle) and in a plane approximately

parallel to the anatomic sagittal axis of the femur (the

depth angle) (Fig. 10). For simplicity, a single angular

value also was calculated (the reduced angle) by mea-

suring the absolute angular deviation between the target

plane and the resection plane.

The percentage of times that the manual and the custom

jig-assisted resection techniques resulted in a maximum

deviation exceeding a given threshold also was recorded.

The percentage was calculated by dividing the number of

planes that contained a point with a maximum deviation

exceeding the specified threshold by the total number of

planes in each group. The threshold values that were

chosen were 2 mm, 3 mm, 4 mm, 5 mm, and 6 mm. Each

of these values was chosen to represent an accepted error in

surgical margins. For the custom-jig and manual resection

groups, we compared the mean maximum deviation from

the preoperative plan, the mean average deviation from the

preoperative plan, angular deviations of the best-fit planes

through the resection relative to the target planes, depth

angle, reduced angle, single worst maximum deviation

from the preoperative plan, and percentage of times the

resection violated the chosen thresholds. Differences were

compared using a two-sided Student’s t-test. The statistical

analysis was performed with SPSS software (Version 15.0;

IBM Corp, Armonk, NY, USA).

Fig. 4 The photograph shows the computer-generated custom jig

applied and secured with Steinmann pins to a cadaveric specimen.

Because the jig was designed specifically to conform to one particular

location on the distal femur, the surgeon could place the jig in the

correct position by allowing it to key in to its appropriate location on

the bone. To provide an additional visual clue to ensure its correct

positioning, we designed the jig so that the shape of its distal surface

corresponded to the proximal ridge of the articular cartilage.

2010 Khan et al. Clinical Orthopaedics and Related Research1
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Results

The mean maximum deviation from the preoperative plan

was greater (p = 0.002) for manually resected specimens

than for custom jig-resected specimens: 9.0 mm versus

2.0 mm, respectively. The mean average deviation from

the preoperative plan per specimen was greater (p\0.001)

for manually resected than for the custom jig-resected

specimens: 3.1 mm versus 0.8 mm, respectively. For the

angular deviations of the best-fit planes through the

resection relative to the target planes, we found the manual

group to have greater deviations compared with the cus-

tom-jig group with respect to the front angle (p = 0.001),

depth angle (p = 0.02), and reduced angle (p \ 0.001)

(Table 1). Among all specimens and all planar cuts, the

single worst maximum deviation from the preoperative

plan was 14.2 mm for the manual group and 3.7 mm for

the custom-jig group.

We observed a difference in the percentage of times

each of the two resection types violated the chosen

thresholds (Table 2): at the 3-mm threshold, every manu-

ally resected plane exceeded this value whereas only 8.3%

of the custom jig-resected planes did so. At thresholds of

4 mm and above, none of the custom jig-resected planes

resulted in violations, whereas the manually resected

planes resulted in violations 75% of the time at 4 mm, 58%

of the time at 5 mm, and 41% of the time at 6 mm. The

first (integral) threshold value at which the manually

resected planes did not result in violations was 15 mm.

Discussion

Imprecise reproduction of a given preoperative plan for

bone tumor resection using standard manual techniques can

have major clinical consequences. Inadvertently cutting

Fig. 5 On this three-dimensionally

reconstructed CT image of a cadaveric

femur, a precisely defined preoperative

plan of a joint-sparing hemimetaphyse-

al resection is outlined.
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into a malignant bone tumor contaminates the surgical

margins and increases the likelihood of local recurrence

[4], dramatically increasing mortality [19, 20, 23].

However, for bone tumors in certain locations (Fig. 6),

resection of extra tissue, such as uninvolved joint surfaces,

can have major long-term functional consequences [10, 13,

14, 21, 27]. Here, we evaluated whether a custom jig-

assisted bone tumor resection technique reproduces a well-

defined preoperative plan more accurately and consistently

than traditional manual resection techniques.

The custom jig-assisted resection technique has several

important limitations. First, our jig design was based on CT

imaging, which is not always obtained in patients with a

primary bone sarcoma and is associated with local radia-

tion exposure [31]. Because MRI shows intramedullary

tumor extent more accurately than CT [26], MRI findings

should be incorporated into the jig design, perhaps via use

of available MRI and CT fusion software [1, 33]. Second,

our jig was proximally rather than distally based. The

Appendix describes a preliminary experiment with a dis-

tally based jig (Appendix 1). A proximally based jig must

make contact with the actual surface of the bone sur-

rounding the tumor or with the periosteum for accurate

positioning on the bone. Consequently, the surgeon must

peel back soft tissue in the region next to the tumor to

expose the underlying bone (or periosteum). In theory, soft

tissue stripping could compromise the success of a bio-

logically based reconstruction such as a structural allograft

[10, 18, 22]. Furthermore, the additional soft tissue dis-

section could adversely affect healing and functional

recovery. Third, holes left by the Steinmann pins used to

secure the jig potentially could increase the fracture risk

and may necessitate stricter postoperative restrictions.

Nevertheless, the defect and pin holes would be spanned by

a plate or other internal fixation device, and bone remod-

eling would be complete before bone healing occurred, so

this theoretic point is unlikely to translate into a practical

limitation. Fourth, jig construction requires substantial

hardware, software, and engineering expertise, which may

not be available at all institutions. Fifth, custom-jig use

would have increased costs: the additional CT scan, three-

dimensional printer, cost of jig manufacture and steriliza-

tion, and required engineering support must be considered.

Our experimental protocol also has a few important

limitations. First, our cadaveric femurs were largely skel-

etonized and disarticulated. In a living patient, the presence

of soft tissues and an articulated knee theoretically could

alter the accuracy of the resections. Second, there was no

actual tumor mass used in our cadaveric model. The

presence of a mass might serve as yet another visible and

palpable landmark that the surgeon performing a manual

technique could use, therefore perhaps improving the

accuracy of the manual technique. Third, there were limi-

tations in the technique used to calculate the resection

accuracy. For instance, the computer could not accurately

identify the cut surface in its entirety as a result of voids in

Fig. 6 An MRI of a high-grade osteogenic sarcoma of the distal

femur in a 16-year-old girl shows well-delineated tumor margins. An

ideal resection, which removes the entire tumor en bloc along with a

surrounding cuff of normal tissue and spares the articular surface, is

outlined in green.

Fig. 7 A three-dimensionally reconstructed image of a postresection

specimen with the superior cortical rim isolated and selected for

subsequent analysis is shown. As mentioned in the text, because the

medullary cancellous bone contains multiple voids, attempts to select

and include the cancellous surface in the analysis resulted in the

software choosing points in the depths (rather than strictly on the

surface) of the voids; points in the depth of the voids clearly do not

represent the cut surface of the bone, and for this reason, the

cancellous bone was deliberately excluded in the analysis.

2012 Khan et al. Clinical Orthopaedics and Related Research1
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the cancellous bone, so only the cortical rim of each cut

was used to define our measurement points on the resection

surfaces. Theoretically, a greater deviation from the pre-

operative plan could have occurred within an osteotomy

plane while the saw traversed the cancellous bone between

the near and far cortical rims.

In this cadaveric study, we showed that a novel custom

jig-assisted technique for the joint-sparing resection of a

(hypothetical) distal femur metaphyseal tumor enables the

surgeon to more accurately and reliably reproduce a given

preoperative plan than a standard manual technique. Per-

haps the most clinically important outcome variable is the

percentage of times that each resection group violated the

various accepted errors in surgical margins. For the manual

group, violations were noted in the resection planes at

every integral threshold value below 15 mm. In contrast,

for the custom-jig group, no violations were noted in any

resection plane for any specimen when the accepted error

was 4 mm or greater. Based on our findings, the surgeon

should aim to produce cuts that are at least 15 mm away

from the ideal resection lines when using the manual

resection technique. However, when using the custom jig-

assisted resection technique, the surgeon can aim to pro-

duce cuts that are approximately only 4 mm away from the

ideal resection lines. In practice, given the relatively close

proximity of metaphyseal tumors to the joint, cutting an

extra 15 mm beyond the ideal resection line may leave

little or no possibility of sparing the epiphysis, whereas

cutting only 4 mm beyond the ideal resection line would

likely still allow for a satisfactory joint-sparing resection

and reconstruction [2].

An important future study should compare the accuracy

of recently introduced computer-navigated resections [8,

28, 32] with that of custom jig-assisted resections. For

certain bone tumor resections, computer navigation has

enabled the surgeon to achieve negative margins while also

Fig. 8A–B These are the postre-

section images superimposed on

the images of the preoperative

plan for (A) a manually resected

specimen and (B) a custom jig-

resected specimen. On the manu-

ally resected specimen, there is

substantial deviation from the

preoperative plan (preoperative

plan = red lines, which actually

outline the femur depicting the

preoperative plan—in pure ocean

blue and directly visible in the

vicinity of the resection). In con-

trast, on the custom-jig specimen,

there is close adherence to the

preoperative plan (again repre-

sented by the red lines). In the

right image, the femur represent-

ing the preoperative plan

coincides closely with the custom

jig-resected specimen and thus is

not directly visible.

Location error

Fig. 9 This graph shows the ISO location error, which in the text is

called the maximum deviation from the preoperative plan. It is

calculated by identifying the resection point that deviated most from

the preoperative plan and measuring its vertical distance to the target

plane.
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preserving key anatomic structures such as joint surfaces

[8, 28, 32]. We surmise that the custom-jig technique may

produce more accurate results than the computer-navigated

technique. The jig and computer navigation orient the

surgeon to the starting point of the cut, but only use of the

custom jig can ensure adherence to a given trajectory for

the entire cut. Another important relative advantage of the

custom jig is that although it requires substantial preoper-

ative planning, its intraoperative use is quick and simple

compared with computer navigation, which requires sub-

stantial instrumentation to be placed in appropriate

positions at the time of surgery and a relatively complex

and occasionally unsuccessful registration process [25, 28].

Computer navigation and custom-jig technology do not

have to be mutually exclusive; in fact, one may conceive of

a setup in which computer navigation can be used to

confirm correct positioning of the custom jig.

The accuracy achieved with the custom jigs allows for

new surgical advances in reconstructive orthopaedic sur-

gery. For example, our group is investigating the use of

custom prefabricated implants to correct the defect that

remains after a custom jig-assisted bone tumor resection. In

such an application, the mean deviation from the preop-

erative plan must be small, because a prefabricated implant

could be rendered useless at the time of surgery if it does

not fit the defect. In this study, the small average deviation

(0.8 mm) and the small deviations of the other parameters

(eg, flatness, Euler angles) suggest that custom-jig

Fig. 10 Calculation of front and

depth angles is shown. The error

in the front angle is calculated by

first intersecting the best-fit resec-

tion and target planes with an

anatomic coronal plane slice

taken at the anterior-most edge

of the femur; the front angle is

defined as the angle between the

resulting projected target line and

the corresponding resulting pro-

jected resection line. Similarly,

the error in the depth angle is

calculated by intersecting the

resection and target planes with

an anatomic sagittal plane slice

that coincides with the vertical

target plane.

Table 1. Absolute deviation of resections from the preoperative plan

Outcome measure* Manual Custom jig p value

Maximum deviation (mm) 9.0 2.0 0.002

Average deviation (mm) 3.1 0.8 \ 0.001

Error in front angle (degrees) 4.7 0.9 \ 0.001

Error in depth angle (degrees) 3.5 1.4 0.02

Error in reduced angle (degrees) 6.6 1.8 \ 0.001

* The mean value per specimen is given.
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technology may facilitate the practical use of custom

implant fabrication. We also are investigating the possi-

bility of using custom jigs for structural bone allograft

reconstruction, where a second custom jig is designed to

aid the surgeon in shaping a segment of cadaver bone to

precisely fit the defect left in the host bone after sarcoma

resection.

We showed that a novel custom jig-assisted technique

for a joint-sparing resection of a distal femur metaphyseal

primary bone sarcoma facilitates reliable, consistent

reproduction of a given preoperative resection plan sub-

stantially more accurately than a traditional manual

technique. Further cadaveric studies are warranted to

evaluate the use and accuracy of this technique in

increasingly realistic clinical scenarios before its accep-

tance as a surgical tool.
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Appendix 1. Proximally based versus distally based

jig design

One limitation of our study is that the jig design was

proximally based rather than distally based. Because the jig

is constructed to mate with the bone surface, a proximally

based jig must make contact either with the actual surface

of the bone surrounding the tumor or with the periosteum

and requires the surgeon peel back soft tissue in the region

next to, but not on top of, the tumor to expose the under-

lying bone (or periosteum). Such soft tissue stripping may

decrease the success of a biologically based reconstruction

[23, 27, 28].

A distally based jig that contacts the articular cartilage

(which already is exposed and does not require stripping)

would forego these theoretical concerns about stripping.

Interestingly, our first jig design was distally based but was

abandoned because our CT imaging alone did not ade-

quately account for the articular cartilage surface. Thus,

this jig did not seat well grossly on the articular cartilage.

However, after shaving down enough cartilage to expose

subchondral bone in certain locations, the jig did seat well,

and the resulting resection was quite accurate (data not

shown). Obviously, extensive cartilage shaving is not a

realistic option when attempting a joint-sparing resection.

Cartilage shaving to expose subchondral bone sometimes is

used when custom jigs are used for knee arthroplasty

(during which the joint surface is to be resected anyway)

[9]. For a joint-sparing hemimetaphyseal resection, there

are two potential ways to avoid this problem, which we are

currently investigating. The first is to design distally based

jigs that would avoid contact with the cartilage in areas

where there is a significant difference between the shape of

the subchondral bone and the articular cartilage surface

(and building in a small offset to account for the approxi-

mate estimated thickness of articular cartilage). The second

is to image the cartilage using MRI, although imaging

cartilage with enough accuracy to determine the shape of

its surface in an intact knee, where subtle deforming forces

also can enter the picture, can be challenging [16]. MRI-

based jigs have been used clinically for knee arthroplasty

[17], but data raise questions about the accuracy of this

approach [15].
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