ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2025. No 2

VK 616.728.3:616.758]-089.844(045)

DOI: http://dx.doi.org/10.15674/0030-59872025243-51

Critical parameters of tunnel positioning

in ACL reconstruction: a retrospective MRI analysis

0. O. Kostrub !, P. V. Didukh !, I. M. Nikiforova 2,
I. A. Zasadnyuk ', R. 1. Blonskyi !, V. A. Podik '

!SI «National Institute of Traumatology and Orthopedics of the NAMS of Ukraine», Kyiv

2 Diagnostic center M24, Kyiv. Ukraine

Anterior cruciate ligament (ACL) rupture is one of the most com-
mon knee injuries requiring surgical intervention. The increas-
ing number of revision surgeries indicates the potential presence
of technical errors during primary reconstruction, emphasizing
the importance of outcome analysis and careful surgical plan-
ning. MRI remains the gold standard not only for diagnosing ACL
injuries and associated lesions, but also for evaluating postop-
erative changes. Objective. To assess MRI-based measurements
of femoral and tibial tunnel inclination and entry point location
as potential technical causes of ACL graft failure. Methods. A ret-
rospective analysis was conducted on 105 knee MRI scans from
patients following primary ACL reconstruction. The parameters
evaluated included femoral and tibial tunnel inclination angles on
coronal views, femoral tunnel entry point using a modified Bern-
hard and Hertel method, and tibial tunnel entry point assessed via
the Amis and Jacob line. Results. A femoral tunnel angle within
the 30°-50° range was found in 63 % of cases, with the optimal
range of 32°-39° observed in 21 %. In 16 % of cases, the angle
exceeded 50° and in 3 % it was less than 17°. The femoral tunnel
entry point fell within the normal range in 46 % of cases, while
in 42 cases it was located outside the defined measurement rect-
angle. Tibial tunnel position on sagittal projection was anatomi-
cally correct in 38 % of cases, anteriorly displaced in 21 %, and
posteriorly displaced in 41 %. The optimal tibial tunnel inclina-
tion angle (> 65°) was found in 61 % of cases. Graft integrity
was preserved in 24 % of cases with posterior tibial tunnel po-
sitioning, and in only 6 % with anterior placement. Conclusions.
Technical errors in tunnel formation are a common cause of ACL
graft failure. Accurate determination of the tunnel entry point is
the most critical factor, while tunnel angle plays a secondary, yet
diagnostically valuable, role. These findings highlight the need for
meticulous planning, including the use of MRI and intraoperative
navigation techniques to optimize tunnel placement.

Pospus nepeonvoi cxpewenoi 36 a3xu (I11C3) — oona 3 natinowupe-
HIWUX MPasm KOMHHO20 cyenoba. 3pocmanis Kinbkocmi pesisiii-
HUX onepayiu cei0YUms npo MONCIUGE MEXHIYHI NOMUTKU Ni0 Yac
NePeUHHOI PEKOHCMPYKYIL, WO aKmyanizye HeoOXiOHICmb aHaNi3y
pe3ynomamie i pemenbrHo2o nianyeanus. Maenimno-pe3onancua
momoepagis (MPT) € «3on0mum cmanoapmomy y oiazHocmuyi K
pospugie TIC3, mak i cynymmix yuikoodicenb, a maxolc eqhexkmug-
HUM THCIMPYMEHMOM 015 8USUEHHA nicaaonepayiunux smin. Mema.
Oyinumu noKasHuKYy HaxXumty ma po3mauty8ants hemopansHoo
ma mibianvbroeo kananie 3a donomozoro MPT ons euasnenns modic-
JUBUX MEeXHIYHUX npudun yukoodicenns mpancnianmama I1C3.
Memoou. [Iposedero pempocnexkmusnuii ananiz 105 MPT ob6cme-
JiCeHb KOMHHO20 cyenoba 6 nayieHmie niciis NepeUHHOT Naacmuky
TIC3. Bumipioganucy: Kym Haxuiy gemopanshozo i mibianbnoeo
KAHAI6 Y KOPOHAPHI NPOEKYIT, NOTONCEHH MOUKU 6X00Y (he-
mopanvrozo kanany. Pezynomamu. Kym naxuny cmeenosozo xa-
nany ¢ meacax 30°-50° suseneno y 63 % eunaokis, onmumanivHi
32°-39°—y 21 %. V 16 % nayicumis in nepesuwyysas 50°, y 3 —
menue 17°. Touxa 6xo0y ghemopanvroco kanany 6ionogioaia Hopmi
646 % ocib, y 42 sunadkax cnocmepieanocs posmauty8anHs pemo-
PANbHO20 KAHATY NO3A MEHCAMU GUMIPIOBAHO20 NPAMOKYMHUKA.
Tonooicenna midianbHoeo KaHamy HA cazimanbHii npoexkyii 30epi-
eano anamomiumny medxncy 6 38 % obcmedicens; y 21 6in 66 smiye-
Hutl oonepedy, y 41 — 0o3ady. Kym Haxuny mibianvHoeo Kaumamy
oye onmumansrum (> 65°) y 61 % eunaoxis. 3a 3a0nvoeo posma-
wilyeanHs Kanary mpancniaumam soepicagcs y 24 % eunaokis, 3a
nepeonvboco — y 6. Bucnoeku. Ilowupenicmes mexHiyHux nomMuiox
nio vac opmyeanHs KiCmKoBUX KAHANIE Modice OYmMU NPUYUHOIO
yuKoOdxcenns mpancnaanmama. Hatikpumuunivium € npasuib-
He BUSHAUCHHS MOYKU 6X00Y KAHALE, MOOL K KYM HAXULY 6idi-
epac Opyeopsony poib, npome € MapKepom MexHiuHoi NOXuoKu.
Pezynomamu niokpecnioroms neobxionicms pemenbHo20 nianyean-
151, 30kpema 3 suxopucmanmam MPT i dooamxosux memooux Hagi-
eayii nio uac onepayii. Kniouogi cnosa. I[lepeons cxpewena 36 a3xa,
MPT, kicmxogi kananu, mpaHcniaHmam.

Keywords. Anterior cruciate ligament (ACL), MRI, bone tunnels, graft

© Kostrub O. O., Didukh P. V., Nikiforova I. M. et al., 2025



ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2025. No 2

Introduction

Anterior cruciate ligament (ACL) rupture is
the most common ligamentous injury in the knee.
The annual incidence in the United States alone is ap-
proximately 1 in 3,500 individuals, requiring 400,000
ACL reconstructions annually [1]. Information is
limited by the lack of any standard epidemiological
surveillance mechanism in the general population
and may be imprecise. Overall, available evidence
suggests that the incidence of ACL ruptures has in-
creased in patients of all ages over the past decades
[2-10]. The incidence of revision reconstructions is
also increasing [11]. Although the literature is not
unanimous regarding the ability of ACL reconstruc-
tion to prevent post-traumatic osteoarthritis (OA),
some studies have found evidence of improved stabil-
ity and prevention of further meniscal and cartilage
damage after ACL reconstruction [12—14]. The fre-
quency of revision reconstruction of the ACL (RRA-
CL) ranges from 6-12 % according to some authors
[15] to 2025 % [16, 17] by others.

RRACL leads to worse functional outcomes than
primary (PRACL) [18]. Additional problems associat-
ed with revision include prolonged recovery time, lon-
ger disability, and higher economic costs, especially
in the case of 2-stage revisions. Therefore, the issue
of planning revision reconstruction and the possibili-
ty of performing a single-stage revision is important,
as this technique leads to better outcomes [19-21].

In ACL injuries, imaging with magnetic reso-
nance imaging (MRI) is a high-quality tool for con-
firming the injury and diagnosing concomitant inju-
ries. However, MRI is also useful for determining
postoperative changes after a previous PRACL and
for planning further RRACL.

Purpose: to determine the main indicators that
can be detected on magnetic resonance imaging for
planning further treatment tactics in patients with
graft damage, as well as to analyze the technical fac-
tors that lead to its damage.

Material and Methods

The results of MRI examinations in patients
with previously performed PRACL were analyzed.
The examination was carried out on the basis
of the “Diagnostic Center M24”, Kyiv from 2014
to 2024. The study was performed in compliance
with ethical principles, including the provisions
of the Declaration of Helsinki (2000) and relevant
legislation of Ukraine.

The work is based exclusively on anonymized
MRI data obtained in compliance with ethical re-
quirements and without the possibility of identifying

individuals. A total of 105 MRI examinations of pa-
tients with primary ACL reconstruction and unsat-
isfactory, according to MRI data, results in terms
of graft integration were studied. The age of the pa-
tients was (36 = 1) years. The study protocol included
MRI images, as well as MRI examination findings.
The following were measured: the angle of inclina-
tion of the femoral and tibial canals in the coronal
projection, the position of the femoral canal entry
point according to the adapted Bernhard and Her-
tel method, the tibial canal entry point according to
the Amis and Jacob line. All calculations were per-
formed using MRI viewing software (RadiAnt DI-
COM Viewer). The measurements were entered into
an Excel spreadsheet, after which statistical analy-
sis of the data was performed. Additionally, the an-
gle of inclination of the lateral plateau, the area
of the femoral fossa, migration and failure of fixators,
and concomitant meniscal injuries were determined.

Coronal projection, angle of inclination of the fem-
oral canal

In anatomic single-bundle reconstruction
of the ACL, the femoral tunnel should be located at
the site of attachment of the native ACL. The correct
location of the tunnel entry point and its inclination
are of fundamental importance for the best clinical
outcome. The optimal angle of inclination in direct
projection in various sources is considered to be
about 32°-39° [22, 23]. It provides sufficient length
of the channel for fixation of the ligament, but an an-
gle less than 32° is also acceptable. But it should be
remembered that the longer the channel, the greater
the likelihood of its expansion after surgery, which
can lead to instability of the graft and its integration.
Also, the angle of inclination of the channel may indi-
rectly indicate an incorrectly determined entry point.
An angle less than 17° may cause verticalization
of the ligament and, accordingly, instability.

Too sharp an angle may lead to insufficient length
of the channel for fixation of the ligament. The mea-
surement was performed in the coronal projection,
on the slice with the most optimal visualization
of the canal, between the line drawn through the mid-
dle of the femoral diaphysis and the line drawn
through the femoral tunnel.

A range of 30° to 50° can be considered a good re-
sult. In the study, the angle of inclination of the fem-
oral canal in the range of 30° to 50° was in 63 %
of the examined. In 37 %, the angle of inclination
of the femoral canal was outside the optimal range.
Table 1 shows the angles and percentages among
105 MRI examinations.
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Point of entry of the femoral canal in the sagittal
projection

In anatomic single-bundle reconstruction
of the ACL, the point of entry of the femoral canal
should be located at the attachment site of the native
ACL. To determine the correctness of its location,
the Bernhard and Hertel method is most often used, in
which a rectangle with a grid is applied to an X-ray or
computed tomography image. The main line that forms
it is the Blumensaat line, tangent to the roof of the inter-
condylar fossa. Next, a parallel tangent to the lower edge
of the lateral condyle is formed to this line. After that,
a perpendicular is drawn to the previous two lines along
the posterior edge of the lateral condyle and a perpen-
dicular along its anterior edge. The resulting rectangle
is evaluated in two directions — posterior-anterior and
superior-inferior and divided evenly with a 5 x 10 mm
grid. The optimal location in the posterior-anterior di-
rection is considered to be 27 %, in the superior-inferior
direction — 34 % [24, 25].

In our study, we adapted the Bernhard and Hertel
method for MRI images and measured distances in
mm and calculated in percentages by adding a stan-
dard proportion. Coronal, sagittal, and axial views
were compared to visualize the entry point.

In anatomic single-bundle reconstruction
of the ACL, the graft must provide anteroposteri-
or and rotational stability. Therefore, the location
of the femoral canal entry point is extremely import-
ant, as deviation from the anatomical one can lead
to instability in a certain range of motion, limitation
of movement, and graft damage. The optimal loca-
tion was previously considered to be 24 % in the pos-
teroanterior direction and 28 in the superior-inferior
direction [24]. However, in recent anatomical stud-
ies, the average value is considered to be 27 % for
the posteroanterior direction and 34% for the superi-
or-inferior direction [24, 25]. In observation, taking
into account the error, the optimal range is 20-30 %
for the posteroanterior direction and 28-38 % for
the superior-inferior direction.

In 42 cases, at least one indicator was equal to 0, that
is, it went outside the rectangle and is 44 % of the total.
In 25 % of patients in the posterior-anterior direction,
the location of the canal was within 20-30 %, in the su-

Table 1
Femoral canal inclination angle
on coronal projection
Inclination angle | < 17— .39 | 39-50 >

(reference values) (°) 17 32 50
Number of observations (%) | 3 30 21 30 16

perior-inferior direction in 34 % of patients at the level
of 28-38 %. However, only in 44 cases did the location
of the canal in both directions correspond to the optimal
limits, which is 46 % (Table 2).

The location of the femoral canal entry point is
a critically important step for the successful recon-
struction of the ACL, since a significant error can
lead to a negative result.

Position of the tibial tunnel on the sagittal
projection

The location of the tibial tunnel on the sagittal
projection should be localized along the Blumensaat
line. The most commonly used method for measur-
ing its position is the Amis and Jacob line, which
passes through the widest part of the posterior an-
gle of the medial tibial plateau, parallel to the me-
dial joint line [24]. The center of the tunnel should
ideally be located 43 % of the total sagittal distance
of the tibial plateau, measured from the anterior edge
of the tibial plateau. MRI measurements of the native
ACL range from 27 to 60 % in some studies [24, 26]
and from 28 to 63 % in others [27].

To measure the location of the tibial canal entry
point, the projection on which the canal is best visi-
ble is selected and the Amis and Jacob line is drawn.
First, the distance from the anterior edge of the tib-
ia to the anterior edge of the tunnel is determined.
Then, the same steps are performed for the middle
of the tunnel and its posterior edge. The data are esti-
mated in percentages by adding proportions.

Among all patients, the tibial canal was located
at the anterior point less than 28 % in 21 % of cases.
This indicator may indicate that in these individuals
the tibial canal is located behind the Blumensaat line.
It leads to impingement with the roof of the inter-
condylar fossa and the development of “cyclops syn-
drome”. In 19 patients out of 20, the ACL graft was
destroyed, and in 1 case, signs of “cyclops syndrome”
and graft damage were observed.

In 39 people, the canal was located at its posterior
point by more than 63%, if it is located too posterior-
ly to the plateau, it can lead to rotational instability
of the knee joint (Table 3).

Measurement of the distance of the tibial canal
entry point

In Fig. 6, the canal is located at the anterior point
by 59% and at the posterior point by 73%. The indica-
tors indicate a too posterior location of the canal and
a vertical graft.

Measurement of the inclination of the tibial canal
in the coronal projection

The angle of inclination of the tibial canal is fun-
damental for the transtibial technique of anterior
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Fig. 1. Measurement of the angle of inclination of the femoral canal
on the coronal projection: a) the angle is optimal and equal to 36.6°;
b) the angle is too vertical and equal to 8.1° Line a—b is drawn through
the middle of the diaphysis of the femur; line c—d is drawn through
the femoral canal; abd is the angle of inclination of the canal

Fig. 2. Bernhard and
Hertel method, 5 x 10 mm
grid on the CT image to
determine the point of entry
of the femoral canal. Distance
a—b is the posterior-anterior
direction; c—d is the upper-
lower; the black mark is the
point of entry of the femoral
canal, which is approximately
30% in the posterior-anterior
direction and 27 in the upper-
lower

cruciate ligament plastic surgery and should be with-
in 65°=70° [28]. For the anatomical technique of PSL
plastic surgery, it is not so fundamental, because
the passage of the femoral canal does not depend on
it. However, if the angle of inclination is too small
due to the anatomical features of the tibial plateau,
the length of the canal may be too short.

Insufficient canal length can make graft fixation dif-
ficult, especially with interference screws, and can also
result in incorrect placement of the canal entry point.
The sharper the angle, the more oval the exit point will
be, rather than round, as the angle of inclination is di-
rectly related to the shape of the tibial canal exit [29].
Table 4 shows the relationship between the diameter
of the canal entry point and the angle of inclination.

If the tibial canal exit point is oval, this can lead to
widening of the canal and insufficient graft fit, which
will complicate graft integration. Studies have shown
that the most correct angle of inclination of the canal
is > 65° [30-34].

The angle of inclination of the tibial canal was mea-
sured as follows: the projection was chosen, where the be-
ginning of the canal in the knee joint and its length were
best visualized, a line was drawn parallel to the tibial pla-
teau, a line was formed along the tibial canal to the plateau
line, and the angle between these two lines was measured.
If the distance was insufficient for accurate measure-
ment of the angle, the line along the canal was projected.
Of the 105 MRI studies, in 61 % of cases the angle of in-
clination was > 65° (accepted as optimal), in 39 — < 65°,

Fig. 3. Comparison of projections to determine the point of entry of the femoral canal. a — axial: the arrow indicates where
the femoral canal is visualized in the extreme slice, the projection line of the sagittal slice; b — coronary: the arrow indicates
the visualization of the femoral canal in the extreme slice, the projection line of the sagittal slice; ¢ — sagittal, the arrow indicates
the circle, the point of entry of the femoral canal, which is located at the intersection of the lines of the coronal and axial projections

Table 2

Femoral canal entry point measurement data using the Bernhard and Hertel method adapted for MRI

Direction Posterior-anterior Superior-inferior
Reference values (%) 0 <20 20-30 > 30 0 <28 28-38 > 38
Number of observations (%) 11 4 25 60 34 19 34 13
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Results

In 63 % of cases the angle of inclination
of the femoral canal on the coronal projection was in
the acceptable range of 30°-50°, and the most opti-
mal values (32°-39°) were observed in 21 %. In 3 %
of cases, the angle was less than critical (less than
17°), while in 16 % it exceeded 50°. The femoral ca-
nal entry point corresponded to the optimal limits in
46 % of examinations, while in 42 cases it went be-
yond the rectangle on the sagittal projection.

Regarding the tibial canal, its position on the sag-
ittal projection corresponded to the anatomical lim-
its in 38 % of cases, in 21 it was shifted anteriorly,
and in 41 — posteriorly. In the posterior location,
the graft was preserved in 24 % of examinations, and

Fig. 4. MRI, sagittal projection. Line a—b is the posterior-
anterior direction, line c—d is the superior-inferior. The arrow
indicates the circle, the point of entry of the femoral canal.
In the image, the point of entry is located in the posterior-
anterior direction and 33% in the superior-inferior direction (a);
the point of entry of the femoral canal is outside the Bernhard
and Hertel rectangle (b)

Table 3
Data when measuring the tibial canal entry point
on the sagittal projection

Reference values (%) <28 28-63 > 63
Number of observations (%) 21 38 41
Table 4

Dependence of the diameter of the channel
entry point (mm) on the angle of inclination [29]

Tibial canal inclination angle Canal diameter (mm)
8 9 10
35° 13,9 157 174
45° 11,3 12,7 14,1
550 9,8 10,9 12,2
65° 8.8 9,9 11,0
75° 8,3 9,3 10,3

Fig. 5. Measurement of the point of entry of the tibial canal on
the sagittal projection of MRI visualization. a-b is the Amis
and Jacob line. 1 — the point of the anterior edge of the tibial
canal, 2 — the point of the middle of the tibial canal, 3 —
the point of the posterior edge of the tibial canal. In the image,
the location of the canal is within: 33-57%, the middle is
46 % of the entire anterior-posterior distance of the plateau,
and is within acceptable limits (a); 24—42 %, midpoint 33 %
of the entire anterior-posterior distance of the plateau, and is
too anterior. The graft is absent (b)

Fig. 6. Measurement of the tibial canal entry point on the sagittal
projection of MRI imaging (a). Sagittal projection in T2 mode,
the arrow indicates the integrated ACL graft (b)

in the anterior location — only in 6 %. The angle
of inclination of the tibial canal on the coronal projec-
tion was within the normal range in 61 % of studies.

The obtained results indicate widespread techni-
cal deviations during the formation of channels for
ACL reconstruction, which may affect the success
of graft integration.

Discussion

The results of our study confirm the important role
of accurate shaping of the femoral and tibial canals
during ACL plastic surgery. In particular, deviations
in the angles of inclination and the location of the en-
try points were found to directly affect the stability
of the graft and the success of integration.
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Fig. 7. Measurement of the tibial canal angle on the coronal
projection. Line a—b is drawn parallel to the plateau, line
c—d is drawn through the tibial canal. bed — the angle
of inclination of the canal, the arrow indicates degrees.
The angle of inclination is 62°. The angle of inclination
of the canal is too acute — 48° (b)

Similar values to ours are given in the works
of K. D. Illingworth et al. and A. P. Parkar et al., who
note that the optimal angle is 35°—45°, which prevents
excessive verticalization of the ligament and joint in-
stability [22, 34, 35].

J. P. Rue et al. also confirm the negative impact
of angles < 25° on clinical outcomes [33]. Thus, our
data are consistent with the above and demonstrate
a significant frequency of technical errors in canal
shaping.

The femoral canal entry point was located with-
in the optimal anatomical landmarks in only 46 %
of cases. Similar results were obtained by S. K. Nema
et al., who found that only 35 % of femoral canals
were correctly positioned, which caused graft im-
pingement in 34 % of patients [36].

Our study showed that the tibial canal entry
point corresponded to the anatomical boundaries on
the sagittal projection in only 38 % of cases. This
is consistent with the data of M. Sharma et al., who
found that incorrect location of this canal leads to
graft impingement and knee instability [37].

Regarding the tibial canal angle, the optimal angle
of inclination of > 65° was recorded in only 61 %
of examinations. S. M. Howell et al. and R. Simmons
et al. recommend 65°-70°, as acute angles are associ-
ated with shorter canals, poorer graft fixation, and an
increased risk of loss of flexion [30, 31].

E. Pena et al. showed that an excessively acute
angle promotes an oval canal outlet, which reduces
graft adhesion to the walls [32]. In our study, it was
smaller than recommended in 49 % of cases, which
is consistent with other sources as a possible cause
of impaired integration.

The use of MRI to study the location of the canals
is effective. However, as noted in the study by A. Hart
et al., even with the use of 3D MRI, accurate repro-
duction of their anatomical position remains a chal-
lenge [38].

Our study has several limitations: first, the retro-
spective nature may affect the objectivity of the as-
sessment; second, the lack of clinical correlation with
functional outcomes affects the analysis of technical
errors.

Conclusions

Incorrect determination of the femoral canal in-
clination was found in 37 % of cases. Only in one
of 105 examinations did this indicator exceed the nor-
mal range under optimal other parameters and a de-
stroyed graft. This does not allow us to state that only
the inclination of the canal in the coronal projection is
the cause of failure. However, it may indicate a gen-
eral error in the formation of the canal, in particular
regarding its length.

The point of entry of the femoral canal is critically
important. According to the adapted Bernhard and
Hertel method, it was within the normal range in only
46 % of cases; in 42 cases, it was outside the rectan-
gle in the sagittal projection. This indicates a possible
error in determining the anatomical attachment site
of the PSR, which can lead to instability, impinge-
ment, impaired integration and graft loss. The meth-
od requires further improvement, in particular,
the development of software for MRI processing.

When measuring the angle of inclination
of the tibial canal, it often turned out to be too sharp.
Its influence is difficult to assess in isolation due
to other technical errors. However, a dependence
of the angle on the entry point was found, which may
affect the integration of the graft.

In most cases, the canal was placed more posteri-
orly, which is probably related to the avoidance of im-
pingement. In such cases, the graft was preserved
4 times more often than in the anterior location,
which indicates the risk of impingement. At the same
time, a too vertical location may not provide rotation-
al stability.

The most anatomical placement of the canals is
critical for successful reconstruction. The most im-
portant technical factors remain the determination
of the entry points of the femoral and tibial canals.
The angle of inclination is less fundamental, but may
indicate technical errors. Accordingly, thorough plan-
ning, precise identification of anatomical landmarks,
and, when appropriate, the implementation of naviga-
tion or EOC are essential.
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