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Introduction—Experienced high-level climbers are subject to a number of bone and soft tissue
changes over the years and are also among the most exposed to pulley injuries. One of the main
consequences of pulley rupture is the separation of the flexor tendons from the subjacent phalanges,
also known as bowstringing. The purpose of this study was to determine whether this population has
asymptomatic bowstringing of the A2 and/or A4 pulleys as determined by tendon-bone distance
(TBD) values when compared to nonclimbers.
Methods—High-resolution ultrasound TBD measurements in active forced flexion were made for the

A2 and A4 pulley of the ring finger bilaterally. Participants were 21 asymptomatic sport climbers who
had 21 consecutive years of climbing at a level above 9.66 in the International Mountaineering and
Climbing Federation difficulty metric scale. Control subjects were 21 age-matched nonclimbers.
Results—A significantly longer TBD–25% (0.3 mm) and 35% (0.4 mm) for the A2 and A4 pulleys,

respectively–was found in the experienced climbers group (experienced climbers group: A2 1.6±0.5
mm and A4 1.6±0.4 mm; nonclimbers group: A2 1.2±0.1 mm and A4 1.2±0.2 mm).
Conclusions—Our results suggest that bowstringing of A2 and A4 pulleys occurs in asymptomatic

experienced high-level climbers, which could be interpreted as either an adaptive mechanism to
workloads endured over years of climbing or a consequence of underdiagnosed pulley ruptures.
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Introduction

Rock climbing is a sport practiced worldwide and has
been recently accepted for the 2021 Olympics.1 With
growing global interest in this sport, there has been an
increase in the number of climbers, together with an
improvement in climbing equipment and protection
measures. These have led to a proportional reduction in
the number of injuries2,3 and a change in the most
frequent injury types, which have shifted from leg in-
juries associated with traumatic falls1 to overuse injuries
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mainly affecting the shoulder and fingers.4 The most
recent reports show that 33% of all climbing injuries
affect the flexor tendon sheath of the hand, especially the
A2 and A4 annular finger pulleys of the middle and ring
fingers.1,5 In adult rock climbers, the latter continues to
be the most common.6

Another important change in the practice of rock
climbing has occurred in relation to sport climbing
routes, as historic levels of difficulty have been surpassed
and levels continue to rise.7 Currently, the hardest sport
climbing grade is 9c measured using the French system,
5.15c/d in Yosemite Decimal System, or 12.33 in the
metric scale of the International Mountaineering and
Climbing Federation (UIAA),8 and the increase in diffi-
culty is attributable mainly to developments in strategies
and training. Different grading systems exist to rate
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climbing route difficulty, and the UIAA metric scale is a
recognized sport-specific scoring system widely used for
injury-reporting scientific analysis.8

Climbers start training at younger ages, and the trend
is that elite climbers are much younger and have more
demands and greater workloads, especially at the level of
the fingers.9,10 At this point, it is important to mention
that injury type distribution is different in adolescent
compared to adult climbers.11 Whereas A2 and A4 pulley
ruptures are the most frequent injuries in adult climbers,
epiphyseal growth plate fractures to the base of the
middle phalanx are the most prevalent injuries in youth
climbers.12

High workloads on fingers sustained over years lead
to an adaptive process in several anatomic components
of the fingers.7 In adult climbers, adaptive changes in the
bone and soft tissues of the fingers have been described.
Compared to nonclimbers, radiographic findings of the
middle phalanx include 25% higher cortical proportions,
up to 6% greater cortical widths, and up to 20% narrower
medullary canals.13 Overall, the A2 pulley is thicker in
69% of climbers, whereas the A4 pulley is thicker in
75% of climbers. The volar plate of the distal interpha-
langeal joint is also significantly thicker in climbers
compared to nonclimbers.7 Controversy still exists
regarding the thickening of the finger flexor tendons at
the proximal phalanx as an adaptive response to
workload.7,14

High-resolution ultrasound (US) is one of the most
suitable diagnostic methods for traumatic finger
Figure 1. High-resolution ultrasound image of a non-ruptured A2 pulley.
proximal phalanx.
injuries.15 Both qualitative and quantitative US signs
have been proposed for the diagnosis of ruptured annular
pulleys, tendon-bone distance (TBD) measurement being
among the most recommended.16 The most accepted
TBD threshold to diagnose a complete pulley rupture is 2
mm.1 However, in rock climbers, TBDs considered
pathological are not always accompanied by clinical
symptoms or loss of grip strength.17 This has prompted
the hypothesis that either adaptive changes or subclinical
injuries could generate finger pulley slackening, related to
a certain degree of bowstringing evidenced sono-
graphically by an increased TBD.

The main objective of the present study was to
determine whether the TBD of the A2 and A4 pulleys is
greater in asymptomatic experienced high-level climbers
compared to age-matched asymptomatic nonclimbers.
As secondary objectives, we also aimed to determine
whether 1) TBD differences exist between the A2 and
A4 pulleys, 2) TBD differences exist between the
dominant and nondominant hands, and 3) asymptomatic
experienced high-level climbers may have TBDs over
2 mm.
Methods

We designed a cross-sectional study in which we
recruited noninjured experienced high-level sport
climbers to undergo a single US assessment. Inclusion
criteria were a lack of clinical symptoms and a minimum
The distance B indicates the tendon-bone distance in the midpoint of the



Table 1. Demographic data

Climbers (n=21) Nonclimbers (n=21) P value

Mean±SD 95% CI Mean±SD 95% CI

Age (y) 42±6 39–45 42±7 39–45 0.769a

Weight (kg ) 68±6 66–71 69±6 67–72 0.558a

Height (cm) 173±6 171–176 173±6 171–176 0.914a

Highest level in sport climbingb 10.5±0.3 10.3–10.6 – – –
Years of climbing 26±5 23–28 – – –
Years of climbing above 9.66 climbing level 21±4 19–23 – – –

aP value for comparisons between the 2 study groups±Student t test.
bUIAA climbing difficulty metric scale.
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of 15 consecutive years of climbing at a difficulty level
above grade 9.66 on the UIAA metric scale.8 Exclusion
criteria were any previous diagnosis of pulley rupture of
the ring finger or hand surgery. The study finally included
21 rock climbers. The control group was composed of 21
healthy nonclimbers who also met the exclusion criteria.

The study was conducted in accordance with the
ethical standards of the Declaration of Helsinki.18 All
data were anonymous and confidential. The study
protocol received approval by the research ethics com-
mittee of the Camilo José Cela University (Spain, EOP-
PADME, 22 March 2018). All patients were informed in
writing of the study’s objectives and procedures and
provided written informed consent to participate.

General demographic and climbing data were
collected from all participants (age, weight, height,
highest level in sport climbing, years of climbing, years
of climbing above UIAA 9.66 climbing level). All par-
ticipants underwent a US assessment using a Canon
Aplio i800 equipped with a 24 MHz linear transducer
(Canon Medical Systems S.A., Madrid, Spain). US image
quality is in part determined by transducer frequency, and
a minimum of 14 MHz is recommended.19 The partici-
pant sat in front of the examiner with forearms and hands
in supine position and a neutral wrist position. Finger
position was standardized as follows: neutral meta-
carpophalangeal joint, 40◦ of flexion of the proximal
interphalangeal joint, and 10◦ flexion of the distal
Table 2. Experienced high-level climber group TBDs above 2 mm

Negative
(<2 mm)

Positive
(>2 mm)

Pulley n % n %

A2 34 81 8 19
A4 33 79 9 21
A2 and A4 67 80 17 20

Min, minimum value; Max, maximum value; TBD, tendon-bone distance.
interphalangeal joint.20 A counter-resisted force to the
distal phalanx was applied while the patient was
instructed to execute maximum flexion force of the
finger, under the pain threshold.20 The TBD of the A2
and A4 pulleys was then measured along the longitudinal
axis of the ring finger bilaterally by placing the transducer
over the central palmar aspect of the finger, without any
tilt and using abundant gel to avoid compression
(Figure 1). Measurements were made over the midpoint
of the proximal phalanx for the A2 pulley and the medial
phalanx for the A4 pulley.21

Statistical analysis was performed using SPSS 22.0
software (SPSS Science, Chicago, IL, USA). Descriptive
statistics (mean, SD, and 95% CI for continuous mea-
sures) were calculated. The Shapiro-Wilk test confirmed
a normal distribution of the quantitative outcome mea-
sures (P>0.05). A t-test was used to analyze intergroup
comparisons for age, weight, and height. A repeated-
measure analysis of variance mixed linear effects model
was used to compare the TBD measurements of the A2
and A4 pulleys in the fingers of both hands in climber
and nonclimber groups (Bonferroni correction was
used for post hoc analysis). Percentage differences
between climbers and nonclimbers were calculated using
the following equation: ([TBD climbers – TBD non-
climbers]/TBD climbers × 100). The effect size measure
was determined using Cohen’s d (large effect, d>0.8;
intermediate effect, d=0.5–0.8). Bivariate correlations
threshold

Min. TBD (mm) Max. TBD (mm) Mean±SD

0.9 3.3 1.5±0.5
1 3 1.6±0.4
1 3 1.6±0.4
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among quantitative variables were assessed through
Pearson's coefficient. The confidence level was set at
95% and significance at P<0.05.
Results

Of the 31 initial climbers (3 female and 28 male), 4
climbers (3 female and 1 male) did not meet the inclusion
criteria of climbing for 15 or more consecutive years
above a 9.66 level of difficulty. Although female partic-
ipants were not excluded a priori, only male climbers met
the entry criteria. Consequently, the nonclimbing group
consisted of male participants. Of the remaining 27
climbers, 4 were excluded: 3 were diagnosed with com-
plete A2 rupture and 1 with A2, A3, and A4 multiple
rupture. Demographic data, performance level, years of
climbing experience, and consecutive years of climbing
at a level higher than UIAA grade 9.66 are provided in
Table 1.

A total of 84 pulleys were measured in each group,
half A2 and half A4. In the climbers group, 17 pulleys
(20%; 8 A2 [1.5±0.5 mm; 0.9–3.3 mm] and 9 A4
[1.6±0.4 mm; 1–3 mm]) were over the 2 mm TBD
threshold, whereas in the nonclimbers group, all pulleys
were below the limit value (Table 2). US TBD mea-
surements of A2 and A4 pulleys can be found in Table 3.
In the repeated-measures analysis of variance including
US measurements for both pulleys, significant in-
teractions were detected for both hands and both groups
(P<0.001).

Data recorded for the A2 pulley indicated an overall
25% greater TBD in climbers compared to nonclimbers.
The difference in TBD was 28% greater for the domi-
nant hand (P=0.003), and the effect size was large.
Similarly, TBD in the nondominant hand was 23%
greater (P=0.047), and the effect size was intermediate.
No significant differences in A2 pulley TBD were
detected between the dominant and nondominant hand
(P=0.615).

Our data for the A4 pulley also indicated an overall
35% greater TBD in climbers compared to nonclimbers.
The difference in TBD was 29% greater for the dominant
hand (P<0.001), and the effect size was large. Similarly,
TBD in the nondominant hand was 41% greater
(P<0.001), and the effect size was also large. No sig-
nificant differences in A4 pulley TBD were detected
between the dominant and nondominant hand (P=0.175).

Within the group of experienced climbers, TBDs were
similar for A2 and A4, although somewhat greater for
A4. TBD differences between A2 and A4 were not sig-
nificant when comparing the groups of climbers with
controls.



Figure 2. Close crimp grip.
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Discussion

One of the main roles of the musculoskeletal system is to
generate different force vectors and thus achieve func-
tional movements. When the capacity to perform these
functional movements is exceeded by a determinate
workload owing to chronic repetitive trauma, body tis-
sues may react in 2 ways: claudication and injury, or
adaptation.22 During adaptation, tissue modifications
enable the musculoskeletal system to satisfy much more
efficiently the biomechanical demands to which the tissue
is subjected.23 Using different imaging techniques, tissue
modifications resulting from a process of adaptation or
from a mild injury cannot always be distinguished. Thus,
discerning between them depends mainly on the presence
or absence of clinical symptoms such as pain or func-
tional limitations.24

During the different hand grips employed when
climbing, bowstringing of the flexor tendons in the fin-
gers submit the annular pulleys to friction, compression,
and traction forces.25 The grip that causes the greatest
load on the pulleys is the crimp grip (Figure 2), involving
at least a 90◦ of proximal interphalangeal joint flexion
and distal interphalangeal joint hyperextension.26 This
grip, normally used to grasp small finger holds, involves
a load 36 times greater for the A2 pulley compared to the
slope grip.27 Furthermore, the force incurred by the distal
part of the A2 pulley is threefold that supported by the
fingertip.28 Generally speaking, climbers support a load
of 380 N per finger, yet a 70-kg climber in a single-finger
grip may support as much as 450 N, exceeding the
reported maximum tolerated load of 380 to 400 N for the
A2 pulley.1 Thus, to support this load, a prior period of
adaptation is needed.1 Accordingly, we would expect
anatomic and structural modifications in the fingers
allowing climbers to adapt to these biomechanical de-
mands. This is consistent with reported adaptive
morphologic and radiologic modifications in bone, A2
and A4 flexor tendon pulleys, and volar plates of the
interphalangeal joints in high-level climbers without
injury symptoms.7,12

US TBD THRESHOLD

To diagnose a complete A2 or A4 pulley system rupture,
a US TBD of 2 mm has been described in the literature as
the best cutoff.29 However, it should be noted that false
positives have been detected among asymptomatic non-
climbers when using this threshold.30 Although in the
present study, this cutoff value was not reached or
exceeded in any of the pulleys for the control group, this
did occur in 19% (1.5±0.5 mm, 0.9–3.3 mm) of A2
pulleys and 21% (1.6±0.4 mm, 1–3 mm) of A4 pulleys
(20% of total pulleys) in the asymptomatic experienced
high-level climbers group. Thus, the latter could be
considered complete pulley ruptures.19 A different TBD
threshold value that has been proposed, also using active
forced flexion finger position, is 5 mm.20 This value was
not reached in any of the measured pulleys. All in all, not
always will a climber with a TBD considered diagnostic
be symptomatic, although the sum of both factors (pain
and elevated TBD) along with a reduction in finger grip
strength or other accompanying US signs will suggest the
diagnosis of a ruptured pulley.17

EXPERIENCED HIGH-LEVEL CLIMBERS TBD VS
NONCLIMBERS TBD

Our findings reveal a longer TBD in the A2 and A4 finger
pulleys of experienced climbers without symptoms of
injury compared to matched healthy nonclimbers. It is
certainly feasible that the 25% and 35% longer TBD for
A2 and A4 pulleys, respectively, could be part of an
adaptive mechanism related to long periods of climbing,
as for other adaptive modifications that have been
described in bone and soft tissues in this population.7,12

Another issue worth considering is the possibility of
histoarchitectural failure in the retention capacity of the
pulley system, or even the formation of small subclinical
ruptures over time, as occurs in chronic tendinopathies
involving degeneration and intrasubstance tears of the
tendon.31 Future studies should determine whether this
increase in TBD occurs progressively as an adaptation
process or occurs suddenly after an acute period of



Annular Pulleys in High-Level Climbers 455
overloading the fingers due to an increased workload, the
latter being more suggestive of underdiagnosed pulley
tear.

Bowstringing and thickening as physiological adap-
tations or subclinical entities of A2 and A4 pulleys show
similar trends. Pulley thickness was found to be signifi-
cantly higher in climbers vs nonclimbers,7 and in the
present study the same trend was found for TBD. A4
showed greater changes when submitted to longstanding
overloading, with 75% thickening and 35% bowstringing
in comparison to A2 (69% and 25%, respectively). Thus,
the annular pulleys show a significant tendency to both
thicken and slacken.7 Overall, what seems important
about a synchronic thickening and slackening process is
that, if a pulley thickens without gaining laxity, the space
between the flexor and pulley would be reduced,
increasing friction and giving rise to the condition of
trigger finger.

A2 TBD VS A4 TBD

We report an overall 10% higher TBD in A4 pulleys
compared to the A2 pulleys analyzed, although the
difference is not statistically significant. One hypothesis
to explain this is the difference in the breaking load be-
tween pulleys. The mean perpendicular forces acting on
A2 and A4 pulleys were approximately equal (254.8 N
and 220.9 N) when performing a crimp grip.27 The
maximum breaking load is 407.5 N for the A2 pulley and
209.5 N for the A4 pulley, which means that A2 is twice
as strong as A4.32 In a maximum crimp grip load, A2 can
easily accommodate such forces, whereas A4 is at the
limit of its load accommodation capacity. According to
this rationale, it is easier for a climber to rupture an A4
pulley than A2 pulley.33 However, over a minimum of 15
y sustaining high-load repetitive crimp grips and without
any pulley rupture, greater asymptomatic bowstringing
could be more likely in the A4 pulley than in the A2
pulley.

No difference in TBD was noted here between the
dominant and nondominant hand in both climbers and
nonclimbers. This was not unexpected because climbing
is a relatively symmetric sport.

LIMITATIONS

The main limitations of this study were its small sample
size, the lack of female participants, and the absence of
intraobserver or interobserver variability. A drawback
was that no previous medical records were reviewed
when applying the exclusion criteria regarding previous
diagnosis of pulley rupture of the ring finger or hand
surgery; this information was obtained by interviewing
the sample participants, and this might have incurred a
self-reporting bias. Therefore, a new study should be
developed with the purpose of determining the factors
that may modify TBD.

Conclusions

Asymptomatic experienced high-level climbers have
significantly longer A2 and A4 flexor pulley TBDs (25%
and 35%, respectively) compared to asymptomatic non-
climbers. Such differences suggest a subjacent adaptive
process to elevated workloads over the years or the
possibility of underdiagnosed annular pulley ruptures.
The present results should be taken into consideration by
sonographers when performing A2 or A4 pulley US as-
sessments in experienced high-level climbers to avoid
false positives. The 2 mm TBD threshold to diagnose a
complete A2 or A4 pulley rupture could be excessively
sensitive for such climbers.
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tion of rock climbing related injuries in older athletes.
Wilderness Environ Med. 2019;30(4):362–8.

7. Schreiber T, Allenspach P, Seifert B, Schweizer A. Con-
nective tissue adaptations in the fingers of performance
sport climbers. Eur J Sport Sci. 2015;15(8):696–702.
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