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Carbon-14 bomb pulse dating shows that tendinopathy
is preceded by years of abnormally high
collagen turnover
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ABSTRACT: Tendons are essential weight-bearing structures that are often affected by tendinopathy, which leads to
pain and impaired mobility. In healthy Achilles tendons, no significant renewal of the weight-bearing collagen
matrixseems tooccurduringadult life,but tendinopathymay lead to increased turnover.Thecarbon-14 ([14C])bomb
pulse method was used to measure lifelong replacement rates of collagen in tendinopathic and healthy Achilles
tendons (tendinopathic: n = 25, born 1937–72. Healthy: n = 10, born 1929–66). As expected, the healthy tendon
collagen hadnot been replacedduring adulthood, but in tendinopathic tendon, a substantial renewal had occurred.
Modelingof the [14C]datasuggestedthatonehalfof thecollagen in tendinopathicmatrixhadundergonecontinuous
slow turnover for years before the presentation of symptoms. This finding allows for a new concept in tendon
pathogenesis because it suggests that either the symptoms of tendinopathy represent a late phase of a very pro-
longed disease process, or an abnormally high collagen exchange could be a risk factor for tendon disorders rather
thanbeing a result of disease.—Heinemeier, K.M., Schjerling, P., Øhlenschlæger, T. F., Eismark, C.,Olsen, J., Kjær,
M. Carbon-14 bomb pulse dating shows that tendinopathy is preceded by years of abnormally high collagen
turnover. FASEB J. 32, 000–000 (2018). www.fasebj.org
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Tendons transmit force from muscle to bone during
muscle work, and optimal, painless function of tendon
tissue is essential in voluntary movement. Tendons can
withstand considerable force, but repetitive movements,
both in relation to sports and occupational loading, often
lead to overuse of tendon tissue resulting in tendinopathy,
which is characterized by pain during activity and signif-
icantly impairedperformance (1–4). Tendinopathy is often
prolonged, and the pathogenesis behind tendinopathy is
unclear.

Tendon tissue consists mainly of type I collagen
arranged in very long fibrils in the direction of force. The
collagen fibrils provide tendons with unique mechanical
strength and likely span the entire tendon length (5). An
investigation, based on the carbon-14 ([14C]) bomb pulse

method, found that the bulk of the collagen matrix of
healthy human Achilles tendon core is an essentially per-
manent structure that is laid down during height growth
and has a limited turnover in adults (6). Therefore, the
loading-induced collagen synthesis indicated by previous
studies [including that byMiller et al. (7)] likely represents
a small fraction of tendon collagen with fast turnover
(,10% of total matrix) (6). The [14C] bomb pulse method
enables measurement of lifelong replacement in tissue
from persons born in the years close to the Cold War.
During this period, nuclear bomb tests led to a marked
increase in atmospheric [14C] levels (the bomb pulse) that
were incorporated in all living organisms and retained in
tissues with limited rates of renewal (slow turnover) such
as tendon, cartilage, eye lens, and dentin (6, 8–10). Thus,
tissueswith slow turnoverwill contain [14C] levels close to
the atmospheric level at the time of tissue formation,
whereas tissues that are constantly renewed (high turn-
over) will contain amounts of [14C] close to the current
atmospheric level.

An important question is whether tendinopathy leads
to formation of new collagen that is integrated into the
crosslinked collagen matrix. There are indications of in-
creased formation of collagen in tendons affected by
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long-term tendinopathy. These include increased mRNA
expression of collagen types I and III (11–13) and increased
cell number and cell rounding, as well as collagen disor-
ganization (1). In addition, variations in the accumulation
of advanced glycation endproducts (AGEs) andD-aspartic
acid between healthy and tendinopathic tendons support
that newly formedcollagenhasbeen added to thediseased
tendon (12–16). However, these measures offer only a rel-
atively indirect signof tissue turnover and cannot precisely
elucidate how large the degree of the collagen replacement
is, or estimate at what time it occurs relative to the pre-
sentationof symptoms.Theaimof thepresent studywas to
provide answers to these questions by using the [14C]
bomb pulsemethod to compare lifelong collagen turnover
in healthy and tendinopathic human Achilles tendons.

MATERIALS AND METHODS

Samples of tendinopathic tendon

Biopsy specimens from tendinopathic tendon were obtained
from26 adults (16male, 10 female)withAchilles tendinopathy at
the outpatient clinic of the Institute of Sports Medicine, Copen-
hagen,Denmark, during the period of January 2010 toMay 2013.
The patients were included in a study that investigated the effect
of 1 wk of ibuprofen treatment vs. placebo on tendon tissue gene
expression; data from these samples have been previously pub-
lished (17). Because the 1-wk nonsteroidal anti-inflammataory
drug (NSAID) treatment performed in that study is veryunlikely
to influence the turnover of the insoluble tendon collagen, it was
decided to preserve one half of each biopsy specimen for use in
the present investigation of tendon collagen turnover.

Inclusion of participants

All subjectswere examined by an experienced physician (T.F.Ø.)
and invited to participate in the study if the following inclusion
criteria were met: 1) experience of pain during Achilles tendon
loading for at least 3 mo; 2) clinical signs of midportion Achilles
tendinopathy; and 3) ultrasonographic findings of increased
Achilles tendon thickness at the midportion, with hypo-echoic
areas and presence of color Doppler signal (18).

Subjects were excluded if they were currently receiving
treatment for their tendinopathy or if they had used NSAIDs
within 6 wk or had been treated with corticosteroid injections
within 6 mo. Further exclusion criteria included severe systemic
disease, a BMI .30 or ,18 kg/m2, smoking, alcohol abuse,
contraindications for ibuprofen treatment, and use ofmedication
that would interfere with the response to ibuprofen.

All participants provided informed consent, and the study
was approved by the Ethical Committee of the Capital Region of
Denmark (H-B-2008-040). The study was conducted in accor-
dance with the Declaration of Helsinki.

Tendon biopsies

Tendon biopsy specimens were obtained from all partici-
pants after 1 wk of either ibuprofen treatment or placebo. As
previously described (17), a nontouch technique was used, with
chlorhexidine-alcohol, for cleaning the skin in the area prepared
for the biopsy. The subjects, lying in a prone position with their
feet overhanging the examination couch, were locally anes-
thetized with 15 ml of lidocaine (1%), which was injected in the
peritendinous space from themedial or lateral side of the tendon,

using ultrasound guidance. Before penetration with the biopsy
needle, a 5-mm incision was made in the skin with a scalpel.
Biopsy specimenswere taken under ultrasound guidancewith a
semiautomatic biopsy needle (SuperCore 14 ga 3 9 cm; Angio-
tech, Vancouver, BC, Canada). The tendon biopsy sample was
taken in the axial plane, in the maximally sick area, with most
Doppler signal and maximal thickness, as evaluated by ultra-
sound (Fig. 1A). After the biopsy, manual pressure was applied
with sterile gauze for a few minutes, and the incision was then
closed with Steri-Strips (3M, Maplewood, MN, USA) and cov-
ered with sterile plaster. All biopsies were performed by an ex-
perienced physician (T.F.Ø.).

The tendon biopsy samples were immediately inspected
under a microscope and cleaned from blood and fat with ster-
ile saline. After removal of the saline, samples were placed in
cryotubes, snap frozen in liquid nitrogen, and stored at 280°C
until analyses.

Dissection of biopsies

Biopsy specimens were dissected and divided in 2 portions (as
described in Fig. 1A), 1 portion for [14C] analyses and 1 for gene
expression analyses [previously published in Heinemeier et al.
(17)]. From 1 person, the total wet weight of the biopsy sample
was only 5 mg, and all was used for the purpose of gene ex-
pression analyses. The remaining 25 biopsy specimens were all
included in the [14C] analyses.

Samples of healthy tendon

Whole Achilles tendons were obtained through the body dona-
tionprogramof theUniversity of Copenhagen, Faculty ofHealth
and Medical Sciences, from persons with no known history of
tendinopathy who died during the period of 2012 to 2014. Sam-
ples from 10 deceased persons with similar birth years as the
persons with tendinopathy were chosen, although no samples
from persons with birth years after 1966 were available to match
the 3 youngest patients with tendinopathy. From 2 donors,
samples from both the proximal, mid, and distal regions of the
Achilles tendon were sampled; the midportion of the patellar
tendon was sampled from one of these donors as well (Supple-
mental Table S1A). The healthy tendons were dissected as de-
scribed in Fig. 1B.

Collagen purification

The goal of the investigation was to identify the turnover rate of
the collagenmatrix of healthy and tendinopathic tendon byusing
the [14C] bomb pulse method. Tendinopathy has been associated
with increased levels of glycosaminoglycans (GAGs), which are
known to have higher rates of turnover than collagen (8). We
therefore performed a collagen purification procedure to remove
GAGs and other noncollagenous substances, as well as newly
formed non-crosslinked collagen, from the tendon samples. This
procedure was performed with a modified version of the pro-
tocol used by Schmidt et al. (19) (modifications to the original
protocolwere suggested by the last author of the article), which
had been shown to remove.90% of the GAGs from tendon in
pilot tests. Samples, precut in thin slices duringdissection in the
transverse direction of the collagen fascicles, were first freeze-
dried to obtain the dry weight (and to calculate water content)
and then subjected to overnight treatment with hyaluronidase
(H3506;MilliporeSigma,Burlington,MA,USA) (5U/ml in 0.05M
sodium acetate, 1.15 M NaCl, pH 6) at 37°C. After washing with
isotonic salt water, trypsin (T8802; MilliporeSigma) (1 mg/ml in
PBS) was added, and samples were incubated at 37°C overnight.
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To ensure complete removal of trypsin (to avoid contamination
with modern carbon), samples were then washed for 1 h with
0.7 M KCl and further washed 3 times with distilled water
(complete removal of trypsin was confirmed by SDS-PAGE in
pilot studies). Volumes of 1 ml were used in all steps of the ex-
traction procedures, and supernatants from the extraction pro-
cedure were saved for later analyses. After the extraction
procedure, the sampleswereagain freeze-driedandweighed, and
kept at280°C for later analyses.

Hydroxyproline and GAG measurement in samples
of healthy tendon

The effect of the collagen purification procedure on levels of
hydroxyproline and GAGs was tested on the healthy tendon
samples only (the amount of tendinopathic tissue was limited
and therefore all purified tissue was used for isotope analyses).
Samples of both raw and purified tendon were digested with
papain (P3125;MilliporeSigma) (0.125mg/ml papain in 100mM
sodium phosphate buffer, 10 mM Na2EDTA, 10 mM L-cysteine,
pH 6.5) at 60°C overnight (20). This papain digest was used for
analyses of hydroxyproline and GAG content.

For hydroxyproline measurement, 50 ml of the papain digest
washydrolyzed in950ml 6MHClat110°C for24h.Hereafter, the
hydrolyzates were dried, rehydrated with distilled water, and
dried again. The hydrolyzates were resuspended and diluted
appropriately in acetate–citrate buffer (0.6% acetic acid, 130 mM
citric acid, 440 mM sodium acetate, 425 mM NaOH, pH 6.0). A
total of 150 ml diluted sample was mixed with 75 ml of
chloramine-T solution (60 mM chloramine-T, 50% 1-propanol)
and incubated at room temperature for 20 min. A total of 75 ml
aldehyde perchloric acid solution ([1 M 4-dimethylamino-
benzaldehyde, 60% 1-propanol, 22% perchloric acid (70–72%)]
was added to samples, and they were incubated at 60°C for
25 min. Optical density was read at 570 nm, and samples were
compared vs. a standard curve made from known concentra-
tions of hydroxyproline (H1637; MilliporeSigma) to determine
hydroxyproline concentration. Hydroxyproline concentrations

wereconverted to collagenconcentrationbymultiplyingby11.4.
This conversion factor is based onourpreviousobservations (21)
of the hydroxyproline content in freeze-dried pure bovine ten-
don collagen (C9879; MilliporeSigma).

For GAG quantification, 10 ml of appropriately diluted
papain digest was mixed with 200 ml 1,9-dimethylmethylene
blue (341088; MilliporeSigma) solution (38 mM 1,9-dimethyl-
methylene blue in 40 mM NaCl, 40 mM glycine, pH 3), and
absorbancewas read at 540 and 595 nm (the reading at 596 nm
was subtracted from the reading at 540 nm). Sample values
were compared with a standard curve made with known
amounts of chondroitin sulfate C (C4384; MilliporeSigma).

Estimation of GAG and collagen loss during
purification process

Toestimate theamountofGAGsandcollagen released fromboth
healthy and tendinopathic tissue samples during the purification
procedure previously described, levels of GAGs and hydrox-
yprolinewerealsomeasured in selected supernatants collected in
the process. For assessment of GAG release, the GAG assay was
performed directly on the 2 supernatants collected after hyal-
uronidase and trypsin treatment, respectively (based on pilot
studies that showed detectable GAG levels only in these super-
natants). For assessment of collagen release, hydroxyprolinewas
measured in the supernatant collected after trypsin treatment
(pilot studies, aswell aspreviouslypublishedobservations, show
collagen to be present almost exclusively in this fraction) (8). For
the hydroxyproline assay, 50 ml of the supernatant was hydro-
lyzed in 950 ml 6 M HCl.

Isolation of serum albumin

Serum albumin from 6 of the tendinopathic participants (Sup-
plemental Table S1B) was isolated to measure the [14C] level in
protein with fast turnover (no serum was available from the
healthy subjects). To remove molecules smaller than 30 kDa,

A B Figure 1. Biopsies and dissection. A) Top:
biopsy specimens from persons with midtendon
Achilles tendinopathy were taken from the
maximally sick area using ultrasound guidance
(participants lying prone, posterior view shown).
Bottom: the most superficial part (1 mm) was
removed from each end of the biopsy specimen to
ensure removal of fat and paratenon/epitenon.
The biopsy samples were then cut into ;0.5 mm
slices, and every other slice was collected and
subjected to collagen purification and subsequent
isotope analyses. The remaining slices were used
for gene expression analyses in another study
(17). Supernatants collected in the purification
process were analyzed for collagen and GAG
content to quantify the release of these substances
from the tendon tissue. B) Top: healthy cadaver
Achilles tendons were placed with the anterior
side up, and a slice of 0.5 cm was cut out 2 cm
from the most proximal part of the calcaneal
bone, corresponding to the area biopsied in the
tendinopathic tendons (A). Bottom: the slice was
placed with the proximal side upward, and 1 mm
was cut of the medial and lateral sides to avoid
inclusion of fat and paratenon/epitenon.
Two 1-mm slices were then cut out, 1 for

purification of collagen (followed by isotope analyses) and 1 for analyses of raw tendon tissue. The areas designated “H”
were cut out for tissue histology, and cryosections of these were cut from the side facing the 1-mm slices. Levels of collagen
and GAGs were measured in the purified collagen, raw tissue, and supernatants collected in the purification process.
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200ml of serumwas spun through themicrocentrifuge,with spin
columns with a cutoff of 30 kDa (Pierce Protein Concentrators
PES, 30K MWCO, 0.5 ml; Thermo Fisher Scientific, Waltham,
MA, USA) at 15,000 g for 10 min. To increase the purity of large
proteins (mainly albumin), a wash with 300 ml PBS buffer was
repeated 3 times (spun at 15,000 g for 10 min for each wash).
Finally, the retentate, containing albumin, was transferred to a
tube, mixed with 300 ml of water and freeze-dried.

Isotope analyses

Analyses for [14C] and stable isotopes ([13C] and [15N]) were
performed on purified tendon collagen from all samples, on raw
tissue from 3 of the tendinopathic biopsy samples, and on puri-
fied serum albumin from 6 subjects (Supplemental Table S1B).
All samples ([13C], [14C], and [15N]) were analyzed at the Aarhus
AMS Centre Department of Physics and Astronomy, Aarhus
University. Samples for accelerator mass spectrometry were
combusted with copper oxide in sealed combustion tubes at
950°C, and converted to graphite before [14C] analysis on the
HVEE 1 MV Tandetron Accelerator (22). The radiocarbon dating
results are reportedaccording to international convention (23), and
14C content is given as pMC (modern carbon %) based on the
measured [14C]/[13C] ratio corrected for the natural isotopic
fractionation by normalizing the result to the standard d[13C]
value of 225‰ Vienna Pee Dee Belemnite (d[13C] calibration
standard). Stable isotope values of d[13C], d15N, carbon, and ni-
trogen fraction (by dry weight) and carbon/nitrogen (C/N)
atomic ratiosweremeasured at theAarhusAMSCentre by using
continuous-flow isotope ratio mass spectrometry.

Histology

To verify that the whole Achilles tendons obtained from de-
ceased personswere in fact healthy, 10-mmcryosections of the
tendon samples were cut and stained with hematoxylin and
eosin. The tissue had not been embedded before freezing, and
therefore the quality of the sectionswas not optimal, although
cell number and shape, as well as collagen organization, were
clearly visible.

Statistics

Data on tissue composition are presented as individual values,
with means 6 SE indicated in graphs and text. For testing of
differences between healthy and tendinopathic tissue, and be-
tween raw and purified tissue, in relation to tissue composition,
unpaired Student’s t tests with unequal variance (hetero-
scedastic) were used because the variance was clearly higher in
tendinopathic samples than in healthy samples (Figs. 2–4). The
relationship between the amount of removed GAGs and the re-
leased GAGs to the supernatants in healthy tissue was tested
with Pearson linear regression (Fig. 3B). Differences were con-
sidered significant when P , 0.05. All statistical tests were per-
formed in GraphPad Prism v.7.0 (GraphPad Software, La Jolla,
CA, USA). All [14C] data are presented as individual values in
relation to year of birth (Figs. 5 and 6).

RESULTS

Characteristics of healthy and pathologic
tendon samples

Tendon biopsy specimens from persons with chronic
Achilles tendinopathy (n = 25) (17) were compared with

tissue fromwhole healthyAchilles tendons obtained from
cadavers (Fig. 1). Data regarding gene expression on the
tendinopathic samples havepreviously beenpublished. In
that study, the tendinopathic condition was confirmed by
clinical measures, including pain, swelling, and ultraso-
nography indications. Fromthehealthy tendons, sufficient
tissue was available for histologic analysis, and in these
specimens,we found no signs of collagen disorganization,
cell rounding, or cell proliferation, thus excluding ten-
dinopathy (data not shown). The difference between
healthy and tendinopathic tissue was further indicated by
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normal levels of tissue water in the healthy samples
(means6 SE, 706 1.2%) and pathologically high levels in
the tendinopathic samples (796 0.9%) (P, 0.001) (12, 24).

Tissue composition and effect of purification

The goal of the study was to identify the turnover rate of
the collagen matrix by using the 14C bomb pulse method.
Therefore, a collagen purification procedure was per-
formed to remove GAGs and other noncollagenous sub-
stances from the tissue. The effect of this purification
procedure could only be assessed on the healthy samples
because the tendinopathic samples were relatively small
(dry weights, 1.3–3.6 mg) and it was necessary to use all
the purified material for assessment of [14C] (and other
isotopes) (Fig. 1).

The level of GAGs before purification was 3.7 6
0.3 mg/mg healthy tissue; after purification, GAGs
could only be detected in 4 samples (Fig. 2A). The
collagen content was increased by the purification
process from 7676 9mg/mg in the raw healthy tendon
tissue to 885 6 14 mg/mg (P , 0.001) in the processed
tissue (Fig. 2B). Thus, as expected, the purification
procedure reducedGAGs to aminimum and increased
collagen purity.

Release of GAGs and collagen
during purification

As mentioned earlier, the composition of the purified
material could not be assessed in the tendinopathic
samples due to limited tissue availability. However,
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the content of GAGs and collagen in the superna-
tants obtained from the purification process was mea-
sured to investigate if there was a difference in release
fromhealthy and tendinopathic tendons (Figs. 1 and 3).
Greater amounts of GAGs (relative to the initial dry
weight) were released from the tendinopathic samples
comparedwith the healthy samples (12.86 1.0 vs. 2.06
0.2 mg GAG/mg dry tissue) (P , 0.001) (Fig. 3A). This
finding is a clear indication that the tendinopathic

samples had contained more GAGs before the purifi-
cation procedure compared with the healthy samples,
as a good correlationwas found between the amount of
GAG released to the supernatants and the amount of
GAG contained in the raw tissue (shown in healthy
samples only, r2 = 0.71, P, 0.001) (Fig. 3B). The release of
collagen was also greater from the tendinopathic samples
comparedwithhealthysamples (5764.0mg/mgvs.17.46
2.4 mg/mg; P, 0.001) (Fig. 3C).
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development model (6) is shown for comparison. B) The content of [14C] in purified collagen from samples of distal and
proximal healthy Achilles from 2 donors (born 1964 and 1967) and a sample of healthy patellar tendon from one of these
donors (born 1964). The similar level of [14C] in the different Achilles tendon areas, and in the patellar tendon, suggests
that the formation and turnover of the collagen matrix are comparable in different regions and tendons. C ) Levels of [14C]
in purified collagen from healthy Achilles tendons (n = 10, also shown in A) and tendinopathic Achilles tendons (n = 25).
Raw tendon samples from 3 of the tendinopathic donors are also included (matching samples are vertically aligned).
The dashed line shows the 13-yr moving average of the atmospheric [14C] level as an indication of the expected [14C]
level in relation to birth year in healthy tendons. In tendinopathic samples, compared with healthy samples, the [14C]
content is higher in persons born before 1952 and lower in persons born at later time points. This finding indicates periods
of substantial collagen turnover during adulthood in tendinopathic tendons, as opposed to the absence of turnover in
healthy tendons.
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Loss of mass in purification

The purification procedure reduced the dry mass of the
tendinopathic samples more than the healthy samples
(226 2% vs. 136 1%) (P, 0.01) (Fig. 4A), and both GAGs
and collagen composed a greater part of the lost mass in
the tendinopathic samples than in the healthy samples
(Fig. 4B,C).However, it is clear, even for the tendinopathic
samples, that other substances were also removed from
the tissue, as the lost GAGs and collagen only accounted
for 16–35% the total weight loss.

C/N atomic ratio in purified samples

The C/N atomic ratio (C/N ratio) did not differ between
purified samples of healthy and tendinopathic tendon
(3.436 0.05 vs. 3.416 0.06; P = 0.7) (Fig. 4D), which rules
out any major differences in the content of GAGs and/or
fat in the purified tissue because both would contribute
with high levels of carbon. The C/N ratios of ;3.4 are in
agreement with a high content of protein (collagen) and
with a low content of high-carbon substances (sugars and
fat) because the theoretical C/N ratio for pure collagen
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Figure 6. Model of tendinopathic matrix turnover. A) To estimate the degree and timing of the increased turnover in
tendinopathic tendons, a mathematical model was constructed (Eq. 1). As input values for solving this equation, the average
[14C] level (pMC) at 2 different time periods (1935–46 and 1964–67) was calculated for both the tendinopathic (pMCsick) and
healthy (pMChealth) tendon collagen. Boxes indicate the included samples and the corresponding average pMC values. B) The
mathematic model for the increased turnover of tendinopathic tendon collagen indicated that 47% of the collagen had been
renewed (%new = 47) with a collagen matrix containing an average [14C] level of 110 pMC (pMCnew = 110). These values of
%new and pMCnew were used as input in equation 1, and the expected values of [14C] in healthy tendon (based on the 13-yr
moving average) were used as input for pMChealth. With these input values, the predicted [14C] level in tendinopathic tendon
(pMCsick) was calculated for each birth year and is shown as a gray line. A good fit between the actual [14C] levels in the
tendinopathic tendons and the level predicted by the model is evident except for 4 outliers. C) As further illustration of the
model, we calculated the predicted [14C] level of the old or healthy part of the tendinopathic matrix (i.e., the part remaining if
the 47% with high turnover is subtracted), using Eq. 2 (see Results section). The calculations were based on the actual measured
levels of [14C] in the tendinopathic tissue (pMCsick) and the calculated values of %new (= 47) and pMCnew (= 110).
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type I is 3.10. In this relation, it should be mentioned that
1 sample (ID-9, distal Achilles) contained visibly more fat
and had a high C/N ratio (4.4) (Supplemental Table S1B).
This samplegenerallybehaveddifferentlyandwas treated
as an outlier in all measures of tissue composition, in-
cluding the C/N ratio. One tendinopathic sample (ID-16)
also had a high C/N ratio of 4.8, but this sample did not
deviate in othermeasures andwas therefore not treated as
an outlier.

Tissue turnover

To estimate rates of collagen renewal in healthy and
tendinopathic tendons, the level of [14C]wasmeasured
in the purified collagen and compared with historical
atmospheric levels (Fig. 5) [Heinemeier et al. (6) pre-
sents a description of the [14C] bomb pulse method,
and Supplemental Table S1A, B displays all individual
isotope data.]

No turnover of healthy tendon matrix
in adults

The [14C] levels seen in the healthy tendons provide an
immediate indication of a very limited collagen turn-
over in adulthood. First, the 2 persons born in 1964 and
1966 have high [14C] levels in their tendon collagen,
corresponding to atmospheric levels that have not oc-
curred since the 1970s (Fig. 5A). Second, the mainte-
nance of low pre-bomb [14C] levels in 5 of 6 healthy
donors born before 1948 shows that none of the elevated
[14C] levels from the bomb pulse have been incorpo-
rated into the matrix during the entire adult life of these
donors. These observations confirm the conclusion
made in our previous study that virtually no renewal of
thematrix occurs in healthy adultAchilles tendon (6). In
our previous study, we suggested a model of gradual
formation of the healthyAchilles tendonduring the first
17 yr of life (17-yr running average of the [14C] bomb
pulse curve). However, when we add the present data
to the historical data, we can model the tendon devel-
opment on a more solid basis with more observations.
The added data points in the prebomb era (births before
1946) show that persons born as late as 13 yr before the
initial increase in atmospheric [14C] have no incorpora-
tion of the rise in [14C] in their tendon collagen. This
finding suggests that formation of the collagen matrix
must be finalized around aged 13 yr. In support of this
theory, a 13-yr moving average of the atmospheric [14C]
level provides a good fit to the [14C] data from the 2
studies combined. This outcome indicates that healthy
Achilles tendons are formed gradually during the first
13 yr of life, leading to incorporation of a [14C] level that
corresponds to the average atmospheric level during this
period of life.

Interestingly, collagen from both the proximal and
distal parts of the Achilles tendon (n = 2), as well as the
patellar tendon (n = 1), contain [14C] levels in a range
similar to that of the Achilles midportion from the same
donors (Fig. 5B).

In summary, the [14C] data from healthy tissue confirm
that the Achilles tendon matrix is formed during growth
and that turnover in adulthood isminimal. Furthermore, it
is indicated that matrix development is finalized as early
as;13 yr of age.

Matrix turnover is elevated in
tendinopathic tendons

The tendinopathic samples reveal a different pattern of
[14C] concentrations than the healthy tendons (Fig. 5C).
In persons born before 1952, the tendinopathic samples
have higher [14C] levels compared with healthy sam-
ples, whereas after this time-point, they generally con-
tain lower levels. This outcome in itself serves as proof
of a greater matrix renewal in tendinopathic vs. healthy
tendon. If we focus on the samples from persons born
before 1948, the healthy tendons maintain prebomb
levels, whereas the tendinopathic tendons are all shif-
ted to a higher [14C] level, showing that newmatrix has
been added later in lifewhen the atmospheric [14C] level
was elevated. This finding is supported by the data
from the persons born close to the peak of the bomb
pulse (1964). In these, the lower [14C] concentration in
the tendinopathic tendons shows that new matrix has
been incorporated at a later point in life when the at-
mospheric [14C] levels had declined.

The level of [14C] in the tendinopathic tendons from the
oldestdonors (bornbefore1948) is close to theatmospheric
level at the time of sampling (;104 pMC) (Fig. 5C), and it
also corresponds to the [14C] content of their serum albu-
min (104.8 6 0.3) (Supplemental Table S1B). ([14C] in se-
rum albuminwasmeasured to confirm that the [14C] level
in fast turnoverproteinsmatched the atmospheric levels at
the time of sampling.) Two scenarios can explain this ob-
served level of [14C] in the oldest donors. The first scenario
is that the tendinopathic collagen has been completely
renewed within a short period of time (1–2 yr), and
therefore the [14C] levels equal the atmospheric levels at
the time of sampling. The second scenario is that the col-
lagen matrix contains a combination of very old collagen
(with low prebomb [14C] levels) mixed with newer colla-
gen fraction containing a higher [14C] concentration
(formedduring timesof elevatedatmospheric [14C] levels).
Coincidentally, the mix of these [14C] levels results in a
level corresponding to the atmospheric levels at the timeof
sampling.

If scenario number 1were true, and tendinopathy leads
to complete renewal of the collagen matrix, we would
expect the majority of the tendinopathic samples to have
levels of [14C] corresponding to the atmospheric level at
the time of sampling. However, reviewing the data
from the younger persons (born after 1948), it is clear
that this theory is not the case. In these, it is evident that
the bomb pulse curve is reflected in their tendinopathic
collagen, as the samples contain [14C] levels much
higher than the atmospheric levels at the time of sam-
pling. This finding shows that a part of these tendons is
still made of old collagen, and that scenario number 2
must be correct.

8 Vol. 32 September 2018 HEINEMEIER ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by Kaohsiung Medical University Library (163.15.154.53) on July 28, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.

http://www.fasebj.org


In summary, the [14C] data indicate that tendinopathy
leads to increased collagen turnover in 1 part of the tendon
matrix, while another part remains stable. This results in a
tissue containing both new and very old collagen.

Based on this observation, we tested a model for colla-
gen turnover in tendinopathyjj.

Model for increased turnover in
tendinopathic tendons

To estimate the degree and timing of the increased turn-
over in the tendinopathic tendons, we tested a mathe-
matical model. This model is based on the following
assumptions:

1. The percentage of new protein (collagen) is the
same in all the tendinopathic samples.

2. The [14C] level (pMC) for the new collagen is the
same in all tendinopathic samples.

3. The remaining part of the tendinopathic sample
consists of old collagen with a [14C] level corre-
sponding to that of healthy samples from the same
birth year. These assumptions are not necessarily
true but are merely proposed in order to construct
the model, which can then be tested on the actual
data. Based on this, we can make the following
mathematical equation:

pMCsick ¼%new* pMCnew

þ ð100%2%newÞ* pMChealthðoldÞ (1)

where pMC = percent modern carbon (= [14C] content);
pMCsick = [14C] content in purified collagen from tendi-
nopathic tendons; pMChealth(old) = [14C] content in
healthy/old part of purified collagen (corresponding to
[14C] content in healthy tendons); PMCnew = [14C] content
innewlyadded collagen in tendinopathic tendons;%new=
weight percentage of newly added collagen; and (100%2
%new)=weightpercentageofhealthy/oldpartof collagen.

Thus,we basically assume that the sick tendons contain
a certainpercentageofnewcollagenwith a certain average
level of [14C] (pMC) and that the rest of the collagen is old
and has a ([14C] level) corresponding to that of the healthy
tendons.

The twounknownparameters, %newandpMCnew,
can be found by comparing the sick and healthy ten-
dons at 2 different time-points and through these we
can solve Eq. 1 (Fig. 6A). For the first time-point, we
have calculated the mean pMC in samples from the
oldest persons (born 1935–46, excluding 1 healthy
outlier born in 1929) and obtained mean values of 99
for the healthy (PMChealth) and 104 for the sick
(PMCsick). For the second time-point, we calculated
the mean PMC in samples from the persons born just
after the bomb-pulse peak (1964–67, excluding the
tendinopathic outlier born in 1966 with a PMC of 110)
and obtained 147 for the healthy (PMChealth) and 130
for the sick (PMCsick). By using these data points, we
can calculate the percent new protein to 47% (%new)
and the PMC for new protein to 110 (PMCnew)

(calculations are presented in Supplemental Table S1).
The level of 110 pMC corresponds to the atmospheric
level in 1997 (i.e., ;15 yr before the sampling of the
tissue). Thus, the calculations suggest that;47% of the
tendon collagen has been exchanged with a material
that averages the atmospheric [14C] content 15 yr be-
fore. This finding indicates that the newer part of the
matrix has undergone continuous but slow turnover.
To test if this model fits the measured [14C] levels in
tendinopathic tendon collagen, wemade a curve of the
predicted [14C] levels in tendinopathic tendon based
on Eq. 1 (Fig. 6B). This approach was done by using the
calculated values of %new (= 47) and pMCnew (= 110)
as input in the equation, as well as the expected values
of [14C] in healthy tendon (pMChealth) based on the 13-yr
moving average. The predicted levels of [14C] in tendino-
pathic tendon fit well with the actual measured levels ex-
cept for 4 outliers. Supplemental Fig. S1A, B presents
clinical data on all the tendinopathy subjects, with the 4
outliers highlighted to illustrate their characteristics in
comparison with the group [these data have previously
been published in a different form (17)].

To illustrate the fit of the model in another way, we
calculated the predicted [14C] level of the old or healthy
part of the tendinopathic matrix; that is, the part not in-
cluded in the 47% with fast turnover (Fig. 6C). This cal-
culation was based on the following equation, which is a
rearranged version of Eq. 1.

pMChealthðoldÞ ¼ pMCsick-%new*pMCnew
100%2%new

‘ (2)

Levels of [14C] measured in the tendinopathic tissue
(pMCsick) and the calculated values of %new (= 47) and
pMCnew (= 110) were used as input for the calculation.
The predicted level of [14C] in the old part of thematrix fits
well with the 13-yrmoving average and overlapswith the
healthy tendon samples (Fig. 6C).

In summary, ourmodel suggests that the tendinopathic
collagenmatrix contains an oldpart that behaves similarly
to healthy tendon (with no turnover in adult life) and a
relatively new part that has an age of ;15 yr (indicating
continuous but slow turnover).

Raw vs. purified tissue

For three of the tendinopathic donors, both raw and pu-
rified tissue was analyzed for [14C] concentrations, and as
previously seen in human cartilage (8), the raw samples
contain somewhat lower [14C] levels than the purified
tissue (Fig. 5C). This finding indicates that the material
which was removed in the purification process had been
synthesized relatively recently and thus contained low,
modern [14C] levels.

DISCUSSION

The comparison of [14C] levels in tissue from healthy and
tendinopathic human tendon confirm that the collagen
matrix of healthy tendon is not renewed during adult life.
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In tendinopathic tendon, however, it seems that almost
one half of the collagen matrix undergoes years of con-
tinuous slow renewal in adults, and that this abnormal
turnover is likely to precede the presentation of tendin-
opathy symptoms. This finding suggests that either the
disease process has been ongoing for years before clinical
symptoms occur or that a high matrix turnover is a risk
factor, and perhaps a prerequisite, for the development of
tendinopathy.

Turnover in healthy tendon

We have previously used the [14C] bomb pulse method to
investigate the rate of turnover inAchilles tendons (6), and
there we concluded that the tendon core is developed
during the first 17 yr of life and is not renewed during
adulthood. The current data confirm that very limited
turnover occurs in healthy adult tendon. However, the
combination of the historical data with the current data
(which gives amore solid basis formodeling of the tendon
development) indicates that the development model
should be adjusted and that theAchilles tendon formation
is finalized earlier than at age 17 yr. In fact, a 13-yrmoving
averageof the atmospheric [14C] levelsprovides thebest fit
to the combined set of data from the 2 studies, indicating
that in general, healthy Achilles tendons are developed
steadily during the first 13 yr of life and not renewed after
this age (Fig. 5A). It should bementioned that this result is
of course an approximation, and it is clear from the data
that individual variations in the timing of tendon devel-
opment do exist. Furthermore, a 1–2 yr delay in the in-
corporation of the atmospheric [14C] level into human
tissue could be expected, because the [14C] from the air has
to be incorporated into plants and then, via plants and
animals, into human tissue (9). Finally, with regard to the
development of the tissue, it must be presumed that a
mechanical strengthening of the tendon tissue will occur
after the age of 13 yr via increased levels of mature cross-
links in the collagen matrix (25).

Interestingly, [14C] data from the few included sam-
ples of proximal and distal Achilles, as well as the 1 pa-
tellar tendon sample, suggest that no major differences
exist between these locations with regard to the timing of
the tendon collagen formation or the turnover later in life
(Fig. 5B).

Turnover in tendon core vs. periphery

In the present study,we investigated the entirewidth of
Achilles tendon, and also took steps to isolate the
crosslinked tendon collagen, to avoid GAGs and solu-
ble collagen (with fast turnover) having an impact on
the [14C] content. In our previous study, the approach
was different, as only the tendon core was analyzed,
and no collagen purificationwas performed (6). Despite
these differences in approach, we note that the levels of
[14C] measured in the 2 studies follow a very similar
pattern (Fig. 5A). The finding that the collagen purifi-
cation had no clear impact on the [14C] content is pre-
sumably related to the fact that GAGs and newly

formed, non–crosslinked collagen molecules comprise
only a very small part of the healthy tendon. A more
interesting fact is that the inclusion of the entire width
of the tendon did not seem to affect the pattern of
[14C] levels. We have previously hypothesized that the
developmental growth of the tendonmight happen in a
manner similar to the growth of a tree. This theory
would imply that the outer part, which was included
only in the present study, should be younger than the
core part. Therefore, we might have expected the 2
studies to showdifferent patterns of [14C] levels (i.e., the
whole width samples would look younger). This sce-
nario, however, was not the case, and thus the com-
bined data from the historical core samples, and the
present whole width samples, do not support the tree-
ring theory. Conversely, the relatively large variation in
the historical data and the low subject number in the
present study does preclude a clear conclusion.

Turnover in tendinopathic tendon

Previous studies have found signs of increased collagen
synthesis in tendinopathy in both the Achilles and poste-
rior tibialis tendon, suchaselevated levels of collagen I and
IIImRNA(11–13), aswell as increasedcell numberandcell
rounding, indicating increased synthetic activity (1). In
addition, investigations of the time-dependent accumu-
lationofAGEsandaspartate racemization [fromL-aspartate
(Asp) to D-Asp] in tendon indicate that newly synthesized
collagen is in fact deposited in pathologic tendon tissue
(15, 16). These studies showed a linear accumulation over
time of both pentosidine (AGE) and D-Asp in healthy bi-
ceps tendon, suggesting that the collagen matrix is not
renewed in this tendon (which is rarely injured). In com-
parison, healthy supraspinatus tendons did not show a
clear accumulation of pentosidine and D-Asp after the age
of 50–60 yr, and in degenerate/ruptured supraspinatus
tendon the levels were even lower. This finding shows
that the supraspinatus tendon most likely is capable of
producing new collagen/protein (with low levels of
AGEs/D-Asp) that dilutes and/or replaces the existing
matrix. However, the data on supraspinatus tendon may
not be directly transferable to Achilles tendinopathy be-
cause degeneration/rupture is likely a different condition
from Achilles tendinopathy. Also, it seems that even
without disease, the turnover is high in supraspinatus
tendon compared with other tendons such as the biceps
and Achilles tendon (6, 15).

Regarding the Achilles tendon, 1 study found a lower
pentosidine level in collagen from the tendinopathic area
compared with the adjacent healthy area, supporting a
dilution and/or replacement of the existing matrix with
new collagen in the tendinopathic area (12); similarly, in
the posterior tibialis tendon, lower levels of pentosidine
were seen in tendinopathic vs. healthy tissue (13). Al-
though thestudiesdiscussedhereprovidevaluable insight
into matrix changes and clearly suggest an induction of
matrix turnover in tendinopathy, there are drawbacks to
both the AGE accumulation and aspartate racemization
approaches. These are related to the fact that other ele-
ments, in addition to time, canaffect the rates of D-Asp and
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AGE accumulation, such as the level of sugar in the circu-
lation (for AGEs) (26) and temperature (both in vivo and
during samplehandling), andpHandprotein structure (for
D-Asp) (27–29). Inaddition, adecrease inD-Aspmaywell be
causedbyadditionofnoncollagenousproteins to thematrix
and not only by turnover or addition of collagenmolecules
(16). Furthermore, it has been predicted that the racemiza-
tion rate of aspartate situated in the collagen triple helix is
far higher if the helix is damaged, andmatrix degeneration
is also therefore likely to influence racemization (30).

The [14C] bomb pulse method is not affected by the
aforementioned limitations, and it provides a unique
opportunity to study the difference in collagen turnover
between healthy anddiseased tendon. Importantly, this
approach can also offer insight into the timing of the
matrix changes in relation to the occurrence of tendin-
opathy symptoms. The [14C] data of the present study
show a greater degree of turnover in tendinopathic
compared with healthy tendons. More specifically,
modeling of the data indicates that approximately one
half of the tendinopathic collagen matrix is relatively
new, whereas the other half behaves similarly to
healthy tendon (i.e., has no turnover in adults). Our
model suggests that the [14C] level of the newer part of
the matrix corresponds to the atmospheric level 15 yr
before the time of sampling, and this model fits well
with the [14C] data of 21 of 25 tendinopathic samples. In
other words, the tendinopathic samples appear to
contain a large fraction of collagen with an age of
;15 yr, indicating that this part of the matrix has un-
dergone many years of continuous, but slow, turnover.
When this renewable part of the matrix is subtracted
(theoretically) from the tendinopathic [14C] levels, the
remaining old part of the matrix overlaps with the [14C]
levels of the healthy samples and shows a good fit with
the 13 yr moving average (Fig. 6C). This outcome fur-
ther supports that the diseased tendons contain an old
matrix part that behaves like the healthy tendon and a
new matrix part that undergoes continuous turnover.
The patients with tendinopathy who donated tissue for
the study had experienced symptoms for a median of
only 12 mo (range, 5–240 mo) (Supplemental Fig. S1B)
(17), and consequently our findings suggest that the
abnormally high turnover precedes the presentation of
symptoms by years. There are at least 2 potential ex-
planations for this observation. One could be that the
occurrence of symptoms represents a late phase of a
very long disease process that involves an increased
deposition and/or turnover of the tendon matrix.
Alternatively, a generally elevated tendon collagen
turnover could represent a risk factor for chronic ten-
dinopathy instead of being a result of the disease. The
good fit of our turnover model on the majority of the
tendinopathy samples suggests a very similar degree of
turnover in the tendinopathic tendons (Fig. 6B). This
consistency, despite the substantial variation in symp-
tom duration between individuals, may argue in favor
of the latter explanation (i.e., elevated turnover as a risk
factor of the tendinopathy). A potential association
between a chronically elevated matrix turnover and
tendinopathy may also be relevant for interpretation of

the observations made in human supraspinatus ten-
dons previously described. Thus, the generally high
turnover rate in the supraspinatus tendon, indicated by
low levels of both D-Asp and AGEs (15, 16), could po-
tentially be connected to the high risk for developing
tendon overuse and/or rupture over a lifetime (31).

Although our turnover model for tendinopathy
generally fitted the experimental data nicely, therewere
4 tendinopathic samples thatwere clearly differentwith
regard to turnover. The [14C] levels in 3 of these samples
were much lower than expected [born 1955 (ID-21),
1966 (ID-28), and 1970 (ID-33)] (Supplemental Fig. S1A,
B and Supplemental Table S1B), indicating even greater
levels of turnover than predicted by the model. Con-
versely, 1 sample had a surprisingly high level of
[14C] [born1961 (ID-25)], suggesting a turnover closer
to that of healthy tissue. Clinical data on all the sub-
jects with tendinopathy have been previously pub-
lished (17), and therefore individual values related to
tendon function and pain, ultrasonography measures
and tendinopathy duration are available. The clinical
data do not indicate a clear difference between these 4
deviating persons and the rest of the group, except
perhaps for a suggestion of an above-average symp-
tom duration for the 3 persons with very high turnover
(ID-21, ID-28, and ID-33) and a below-average tendon
thickness of the personwith low turnover (ID-25). Clearly,
the model does not fit all cases, and further studies with
more samples would be valuable in discovering whether
different types of tendinopathy existwith regard to rates of
turnover

In the healthy tendons, 1 of the 10 donors clearly de-
viated from the expected [14C] level and exhibited a level
corresponding with the tendinopathic tendons [born 1929
(ID-1)] (Fig. 5C and Supplemental Table S1A, B). Thus, it
seems that the tendon from this donor had experienced
elevated turnover but had not developed tendinopathy
(as histologic results were normal). In our earlier study
of healthyAchilles tendons (6),we did in fact have some
outliers that we could not describe in detail, as we had
no activity and injury history on them, but interestingly
some of these outliers showed similarities with the
present data on individuals with current tendinopathy.
Thus, they could be individuals who are prone to de-
velop tendinopathy.

Tissue composition and age

Tendinopathic tissue is known to contain greater
amounts ofGAGs and easily soluble collagen compared
with healthy tendon (13, 14), and our results support
this conclusion, as more of these substances were re-
leased from the tendinopathic tissue compared with
healthy tissue in the process of purifying the cross-
linked collagen. The purification was performed be-
cause our interest was to investigate the age of the
crosslinked, weight-bearing collagen matrix only. The
inclusion of GAGs, which have high turnover (8), as
well as newly formed soluble collagen, would have
contributed with variable amounts of low modern
[14C] levels and in this way make the tendon look
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younger, as seen in the 3 raw samples that were in-
cluded (Fig. 5C). Due to the purification process per-
formed before isotope analyses, we can conclude that
the abnormal [14C] levels found in tendinopathic tissue
are based on a change in the stable crosslinked collagen
matrix. This change could represent either a replace-
ment of the existing matrix or addition of a new por-
tion of matrix to the original matrix, or a combination
of these. Based on the [14C] data, we cannot conclude
which of these scenarios are true, but because almost
one half of the collagen appears to be new, and con-
sidering the limited increase in tendon thickness in
tendinopathy (32), it seems likely that at least part of
the original matrix has been replaced.

Limitations

The study is limited by the fact thatwe did not have access
to healthy donors matching the 3 youngest patients with
tendinopathy. Fortunately, the data from the healthy do-
nors fitwellwith our previous findings in healthyAchilles
tendon tissue (6), and this fit made it possible to create a
model for the turnover of healthy tendon.Thedifference in
age between the tendinopathic and healthy donors could
also potentially influence the composition of the tissue
(33), but we found no signs of any correlation between
age and any of the tissue composition measures (data not
shown).

Another limitation was the small size of the tendino-
pathic tissue biopsy samples. If more tissue had been
available, we would have been able to analyze the com-
position of the purifiedmaterial from these samples. Such
an analysis would have increased our confidence with
regard to the similarity in composition between purified
healthy and diseased tissue. On the other hand, we see no
reason that thepurificationprocess should leadtodifferent
outcomes in the 2 tissue types, and this theory is supported
by the similar C/N ratios of the purified material. Fur-
thermore, with regard to the purification process, it was
clear that not only collagen and GAGs were lost in the
process (Fig. 4). Pilot studies, conducted on tendon tissue
during the development of the purification method, in-
dicated that the material lost in addition to collagen and
GAGs can be accounted for by amino acids (i.e., non-
collagenousprotein) (datanot shown). Finally, it shouldbe
mentioned that although we were successful in removing
theGAGs fromthe tendon, the collagen fraction isnotpure
collagen but likely contains other matrix proteins and cell
debris. Therefore, the current [14C] data, along with our
previous data on raw tendon tissue (6), show that not only
the collagen but also the other parts of this composite
material have very limited turnover in adults.

CONCLUSIONS

The data of the present study clearly show that the colla-
gen of tendinopathic tendons has undergone greater rates
of renewal than collagen from healthy tendons, and thus
support previous findings (12–16). Furthermore, it is clear
that thediseased tendons contain a combinationof old and

new collagen, and the proposed turnover model suggests
that one half of the collagen behaves like healthy tendon
(i.e., no turnover in adults), whereas the other half has
undergone years of continuous, slow turnover and has
an age of;15 yr. The predictions regarding the amount,
and age, of the new collagen should be seen as ap-
proximations and are unlikely to fit all cases of ten-
dinopathy. However, they give rise to a new view on
tendinopathy, namely that a very long disease process
must precede the occurrence of symptoms or, alterna-
tively, that an abnormally high rate of collagen turnover
may increase the risk of tendinopathy.
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