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�� BONe FraCture

Bone turnover markers as surrogates of 
fracture healing after intramedullary 
fixation of tibia and femur fractures

aims
Bone turnover markers (BTMs) follow distinct trends after fractures and limited evidence 
suggests differential levels in BTMs in patients with delayed healing. The effect of vitamin 
D, and other factors that influence BTMs and fracture healing, is important to elucidate the 
use of BTMs as surrogates of fracture healing. We sought to determine whether BTMs can 
be used as early markers of delayed fracture healing, and the effect of vitamin D on BTM 
response after fracture.

Methods
A total of 102 participants aged 18 to 50 years (median 28 years (interquartile range 23 to 
35)), receiving an intramedullary nail for a tibial or femoral shaft fracture, were enrolled 
in a randomized controlled trial comparing vitamin D3 supplementation to placebo. Serum 
C- terminal telopeptide of type I collagen (CTX; bone resorption marker) and N- terminal pro-
peptide of type I procollagen (P1NP; bone formation marker) were measured at baseline, six 
weeks, and 12 weeks post- injury. Clinical and radiological fracture healing was assessed at 
three months.

results
CTX and P1NP concentrations peaked at six weeks in all groups. Elevated six- week CTX and 
P1NP were associated with radiological healing at 12 weeks post- injury (odds ratio (OR) 
10.5; 95% confidence interval 2.71 to 53.5, p = 0.002). We found no association between 
CTX or P1NP and functional healing. Baseline serum 25(OH)D showed a weak inverse rela-
tionship with P1NP (p = 0.036) and CTX (p = 0.221) at 12 weeks, but we observed no associ-
ation between vitamin D supplementation and either BTM.

Conclusion
Given the association between six- week BTM concentrations and three- month radiological 
fracture healing, CTX and P1NP appear to be potential surrogate markers of fracture healing.
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article focus
�� To assess the association between C- ter-

minal telopeptide of type I collagen 
(CTX) and N- terminal propeptide of type 
I procollagen (P1NP) and early radiolog-
ical fracture healing.
�� To assess the association between CTX 

and P1NP and early functional fracture 
healing.
�� To assess the association between CTX 

and P1NP and vitamin D.

Key messages
�� Elevated six- week CTX and P1NP were 

associated with radiological healing at 12 
weeks post- injury.
�� No association was observed between 

CTX or P1NP and functional fracture 
healing.
�� A limited inverse relationship was 

observed between CTX and P1NP and 
baseline serum 25(OH)D.
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Strengths and limitations
�� Prospective randomized trial of tibial and femoral 

shaft fractures, reducing bias from pre- analytical vari-
ation of CTX and P1NP.
�� Limited follow- up to three months.

Introduction
Nonunion after fracture results in high burdens to patients 
and healthcare systems, and early identification continues 
to be a challenge.1 Bone turnover markers (BTMs) have 
been demonstrated to follow distinct trends following 
several fracture types,2- 7 and limited evidence suggests 
that differential levels of BTMs are seen in patients with 
delayed healing.1,8- 11 While BTMs are an appealing poten-
tial early marker of delayed healing, inadequate evidence 
exists to support using BTMs as surrogate markers of frac-
ture healing.10

Vitamin D is involved in several stages of the fracture 
healing process.12 High rates of hypovitaminosis D have 
been observed in fracture populations;13 however, incon-
clusive evidence supports a relationship between hypo-
vitaminosis D,12,14–16 or vitamin D supplementation,15,17 
and fracture healing. Despite the lack of evidence, 
many surgeons believe that vitamin D supplementa-
tion is justified for fracture healing, and some surgeons 
have suggested that vitamin D supplementation should 
be given to all fracture patients regardless of vitamin D 
status.18

Further, the effect of vitamin D and other factors 
that may influence both BTMs and clinical healing is 
important to elucidate, in order to use BTMs as surro-
gates of fracture healing.19,20 The BTMs C- terminal 
telopeptide of type I collagen (CTX) and N- terminal 
propeptide of type I procollagen (P1NP) have been 
recommended as reference BTMs for predicting fracture 
risk and monitoring of osteoporosis,21,22 and have been 
characterized to acutely rise following fracture.22,23 An 
inverse relationship with vitamin D supplementation 
and these BTMs has been observed in some studies,24- 27 
while others found no difference.28,29 Similarly, serum 
25(OH)D levels have been observed to be inversely 
correlated with CTX and P1NP in several studies, albeit 
with some heterogeneity of results.7,30- 33 However, few 
studies investigating the relationship between vitamin 
D and BTMs were from fracture patients, and these 
studies consisted of low- energy fractures without frac-
ture healing outcomes.7,34- 37

Given this unclear relationship between CTX and P1NP, 
fracture healing, and vitamin D, we aimed to explore five 
questions: 1) do BTM values change in the 12 weeks after 
a tibial or femoral shaft fracture?; 2) does an association 
exist between baseline serum 25(OH)D levels and BTM 
response?; 3) does an association exist between vitamin 
D supplementation and BTM response?; 4) does an asso-
ciation exist between BTM and early functional healing?; 
and 5) does an association exist between BTM and early 
radiological healing?

Methods
trial design. This analysis is part of a larger study, the 
Vita- Shock trial: a four- arm, double- blinded randomized 
controlled trial (RCT) comparing varying doses of vitamin 
D3 supplementation to placebo in patients with tibial or 
femoral shaft fractures, with no assumption of efficacy of 
vitamin D3 supplementation improving fracture healing. 
The trial objective methods have been described in detail 
previously.38 The trial was registered with  ClinicalTrials. 
gov, number NCT02786498, and was approved by the 
Hamilton Integrated Research Ethics Board (2017- 1952) 
and the University of Maryland Institutional Review Board 
(HP- 00069705).
Participant inclusion and exclusion. We included adult 
patients, aged 18 to 50 years, with a closed or low- grade 
open (Gustilo- Anderson class I or II) tibial or femoral shaft 
fracture treated by reamed intramedullary nailing at the 
R Adams Cowley Shock Trauma Center at the University 
of Maryland. All participants were enrolled within seven 
days of injury. We excluded patients with osteoporosis, 
stress fractures, serum calcium > 10.5 mg/dl, atypical fe-
mur fractures, pathological fractures secondary to bone 
lesion, underlying disorders of bone metabolism, hyper-
homocysteinemia, or vitamin D allergies. Participants 
were included regardless of baseline vitamin D levels. 
The full exclusion criteria are listed in the protocol pa-
per.38 Written informed consent was obtained from all 
participants.
Intervention and randomization. Treatment alloca-
tion was double- blinded and included four treatment 
arms: 1) 150,000  IU (high) loading dose plus placebo 
daily dose; 2) 4,000  IU (high) daily plus placebo load-
ing dose; 3) 600  IU (low) daily plus placebo loading 
dose; or 4) placebo loading and daily doses (Figure 1). 
Participants received active or placebo loading doses 
within one week of injury and six weeks (± two weeks) 
post- injury, and doses daily for three months beginning 
within one week of injury. The randomization was strat-
ified by open versus closed fractures, and by tibia versus 
femur fractures.
Participant characteristics. We enrolled 102 participants 
into the trial, with 27 allocated to the high loading dose 
group, 24 to the high daily dose group, 24 to the low daily 
dose group, and 27 to the placebo group. A total of 100 
participants (98%) completed bloodwork at baseline, 78 
(76%) at six weeks, and 66 (65%) at 12 weeks (Figure 1). 
The median age of study participants was 28 years (IQR 
23 to 35) (Table I). The majority of the patients were male 
(n = 70, 69%) and were African- American (n = 47, 46%) 
or White (n = 48, 47%). A total of 41 (40%) patients had 
tibial shaft fractures and 61 (60%) patients had femoral 
shaft fractures. Overall 27 (26%) patients had an open 
fracture. A total of 47 (46%) had additional fractures, with 
16 (16%) upper limb, 32 (31%) lower limb, and 9 (9%) 
spine. The most common other fractures were femur (n = 
8, 8%), fibula (n = 8, 8%), hand (n = 7, 7%), tibia (n = 6, 
6%), and radius (n = 6, 6%).
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Fig. 1

Participant flow diagram.
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table I. Patient characteristics.

Characteristic Data (n = 102)

Median age, yrs (IQR) 28 (23 to 35)

Female, n (%) 32 (31.4)

race/ethnicity, n (%)
White/Caucasian 48 (47.1)

Black/African- American 47 (46.1)

Hispanic/Latino 5 (4.9)

South Asian 1 (1.0)

East Asian 1 (1.0)

Fracture location, n (%)
Tibia 41 (40.2)

Femur 61 (59.8)

Open fracture, n (%) 27 (26.5)

Soft- tissue injury, n (%)
Gustilo Type I 14 (13.7)

Gustilo Type II 13 (12.7)

Tscherne Class 0 18 (17.6)

Tscherne Class 1 42 (41.2)

Tscherne Class 2 12 (11.8)

Tscherne Class 3 3 (2.9)

additional fractures, n (%) 47 (46.1)

Upper limb 16 (15.7)

Lower limb 32 (31.4)

Spine 9 (8.8)

Median serum albumin, g/dl (IQR) 4.30 (4.00 to 4.60)

Median serum 25(OH)D, μg/l (IQR) 18.4 (13.4 to 25.6)

Vitamin D deficient, 25(OH)D < 20 μg/l, n (%) 57 (55.9)

Median CTX, μg/l (IQR) 0.34 (0.27 to 0.46)

Median P1NP, μg/l (IQR) 41.1 (30.0 to 55.0)

CTX, C- terminal telopeptide of type I collagen; IQR, interquartile 
range; P1NP, N- terminal propeptide of type I procollagen.

Outcomes and measures. The BTMs CTX and P1NP were 
the variables of primary interest. CTX is a marker of bone 
resorption and P1NP is a marker of bone formation.3 CTX 
and P1NP have been recommended as the reference 
BTMs for predicting fracture risk and monitoring of oste-
oporosis,21,22 and have been characterized to acutely rise 
following fracture.22,23 CTX and P1NP were measured at 
baseline (within seven days of the fracture), six weeks, 
and 12 weeks post- injury. Several other pre- analytic fac-
tors have been shown to influence CTX and P1NP, includ-
ing age, sex, smoking status, and alcohol consumption,22 
which were abstracted from the patient charts by study 
personnel. Patients with underlying bone metabolic dis-
ease were excluded as described above. Blood for serum 
25(OH)D levels was drawn concurrently with BTM blood 
draws.

Clinical fracture healing was assessed at three months 
by the treating surgeon using the Function IndeX for 
Trauma (FIX- IT).39 FIX- IT assesses weightbearing and pain 
in patients with tibia and femur fractures on a scale of 4 
(worst) to 12 (best). We considered a score of 12 to indi-
cate functional healing. Radiological healing was assessed 
at three months using the modified Radiographic Union 
Score for Tibial fractures (mRUST)40,41 by an independent 
orthopaedic surgeon who was blinded to the treatment 

allocation. The mRUST assesses radiological healing based 
on callus formation on four bone cortices on a scale from 
4 (no callus) to 16 (remodelled). We considered a score of 
12 or higher at three months to signal early radiological 
healing.
Blood samples. All blood samples were collected at en-
rolment and at clinic follow- up in gold top serum separa-
tor tubes, and were immediately refrigerated. Laboratory 
personnel at the University of Maryland’s Muscle 
Research Laboratory processed the samples on the same 
day and stored them in a -80°C freezer. Upon completion 
of all blood work for the study, the serum samples were 
transferred to the Institute for Clinical and Translational 
Research Clinical Research Unit Core Laboratory to be 
analyzed as a single batch to eliminate inter- batch assay 
variability. Immunoassays for bone metabolism biomark-
ers were obtained from ImmunoDiagnostic Systems (UK). 
Serum 25(OH)D levels were measured using a radioim-
munoassay that has a sensitivity of 0.3 nmol/l, an intra- 
assay coefficient of variance of 5.19%, and an inter- assay 
coefficient of variance of 7.90%. Serum levels of CTX were 
determined using an enzyme- linked immunosorbent as-
say that has a sensitivity of 20 pg/ml, an intra- assay coeffi-
cient of variance of 8.15%, and an inter- assay coefficient of 
variance of 10.31%. P1NP was measured by a radioimmu-
noassay that had a sensitivity of 2.0 ng/ml, an intra- assay 
coefficient of variance of 4.14%, and an inter- assay coef-
ficient of variance of 2.74%. The results of the analyses 
were sent to the Center for Evidence- Based Orthopaedics 
to be added to the study database, and included within 
the final data analysis.
Statistical analysis. The planned sample size for this phase 
II pilot RCT was 96  patients (24  patients per treatment 
group). With an a priori increased acceptable type I error 
threshold of 20% (α), this sample size would provide 80% 
power to detect a mean difference of 20% in the BTMs. 
Expanded details of the sample size justification have 
been published previously in a protocol manuscript.38

Participant demographics and characteristics were 
described as medians with interquartile ranges for contin-
uous variables and counts with proportions for categor-
ical variables. Given the right- skewed distribution of CTX 
and P1NP values, we used log- transformed values for all 
analyses. We used random intercepts in mixed- effects 
models that allow each patient to have a unique baseline 
value, which removes this variance from our estimate and 
provides more precision in our sample mean estimates 
(the model slopes) but does not change the interpre-
tation of the estimates. We constructed the following 
models to answer our five research questions.
Do BtM values change in the 12 weeks after a tibial or fem-
oral shaft fracture? We fit linear mixed- effects models to 
determine the mean change in CTX and P1NP values at 
six weeks and 12 weeks post- injury compared to baseline 
values. We coded each patient as a unique random inter-
cept in this model to account for baseline variation.
Does an association exist between baseline serum 25(OH)
D levels and BtM response? We fit linear mixed- effects 
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table II. Mean percentage change in C- terminal telopeptide of type I collagen and N- terminal propeptide of type I procollagen value compared to baseline.

Variable Mean, μg/l (SD) Mean percentage change from baseline (95% CI) p- value*

CtX
Baseline 0.42 (0.32) N/A N/A

6 wks 0.71 (0.44) 64 (47 to 82) < 0.001

12 wks 0.55 (0.25) 32 (18 to 48) < 0.001

P1NP
Baseline 45.5 (26.1) N/A N/A

6 wks 154.0 (76.1) 240 (206 to 278) < 0.001

12 wks 147.0 (64.9) 217 (183 to 255) < 0.001

p < 0.05 indicates statistical significance.
*t- tests with Satterthwaite's method.
CI, confidence interval; CTX, C- terminal telopeptide of type I collagen; N/A, not applicable; P1NP, N- terminal propeptide of type I procollagen; 
SD, standard deviation.

models with the log- transformed BTM as the dependent 
variable. Given the non- linear association between time 
and BTMs, we included time as a non- linear fixed effect 
using natural splines. Patients were uniquely coded as 
a random intercept. Baseline serum 25(OH)D was mod-
elled as a continuous variable, as well as a binary indica-
tor, which stratified patients above and below the vitamin 
D deficiency threshold of 20 μg/l.
Does an association exist between vitamin D supplementa-
tion and BtM response? These models were similar to our 
serum 25(OH)D level models, except we used a four- level 
indicator for the assigned vitamin D supplementation 
regimen as the primary independent variable.
Does an association exist between BtM and early function-
al healing? To determine the association between BTMs 
and early functional healing, we fit multilevel generalized 
linear models with binomial distributions. The binary 
dependent variable was a FIX- IT score of 12 at 12 weeks 
post- injury. The independent variables were the log- 
transformed BTM of interest and the four- level indicator 
for vitamin D3 supplementation group. We included time 
as a random effect and a unique patient identifier as the 
random intercept.
Does an association exist between BtM and early radiolog-
ical healing? This model was very similar to model four, 
except the dependent variable was a modified RUST score 
of 12 or more at 12 weeks post- injury to indicate early ra-
diological healing. Given the observed difference in BTMs 
among patients with early radiological healing at six 
weeks post- injury, we also fit a generalized linear model 
with a binomial distribution that includes only BTM data 
observed at six weeks post- injury.

Our analyses included all enrolled patients. Missing 
FIX- IT and mRUST data were imputed using multiple 
imputations. Missing BTM data were assumed to be 
missing at random in our mixed- effects models. We did 
not adjust our significance level to account for multiple 
testing, and all results should be considered exploratory. 
All p- values were calculated using t- tests with Satter-
thwaite's method or Wald z- test as appropriate, and 
statistical significance was set at p < 0.05. Analysis was 

performed using R (version 4.0.0, R Foundation for Statis-
tical Computing, Austria).

results
Changes in CtX and P1NP over time. The median baseline 
serum CTX level was 0.34 μg/l and ranged from 0.09 μg/l 
to 2.8 μg/l. At six weeks after injury, serum CTX levels 
were 64% higher (95% confidence interval (CI) 47% to 
82%, p < 0.001, t- tests with Satterthwaite's method) than 
baseline (Supplementary Figure a). The 12- week serum 
CTX levels were 32% higher (95% CI 18% to 48%, p < 
0.001, t- tests with Satterthwaite's method) than baseline 
(Table  II). The median baseline serum P1NP level was 
41.13  μg/l and ranged from 9.51 μg/l to 208.29 μg/l. 
Six weeks after injury, serum P1NP levels were 240% 
higher (95%  CI 206% to 278%, p < 0.001, t- tests with 
Satterthwaite's method) than baseline levels. Serum 
P1NP levels were 217% higher (95% CI 183% to 255%, p 
< 0.001, t- tests with Satterthwaite's method) at 12 weeks 
compared to baseline levels.
association of baseline serum 25(OH)D levels with 
CtX and P1NP. The data suggest that baseline serum 
25(OH)D levels were not associated with CTX mark-
ers. Specifically, we observed that each 1  ng/ml in-
crease in baseline serum 25(OH)D corresponded with 
a 0.7% decrease in mean CTX levels over 12  weeks 
from injury (95%  CI -1.9% to 0.0%, p = 0.221, t- tests 
with Satterthwaite's method). There was no association 
between baseline vitamin D deficiency and mean CTX 
levels (difference, 0%, 95% CI -17% to 22%, p = 0.976, 
t- tests with Satterthwaite's method) (Figure  2). Each 
1 ng/ml increase in baseline serum 25(OH)D was asso-
ciated with a 1.1% decrease in the patient’s mean P1NP 
levels from baseline to 12  weeks post- injury (95%  CI 
-2.1% to -0.1%, p = 0.036, t- tests with Satterthwaite's 
method). Patients with baseline vitamin D deficiency 
had a 12% increase in their mean P1NP levels, yet this 
estimate had considerable uncertainty (95%  CI -5.4% 
to 33%, p = 0.193, t- tests with Satterthwaite's method).
association of vitamin D3 supplementation with CtX and 
P1NP. We found no association between vitamin D3 
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Fig. 2

Distribution of serum C- terminal telopeptide of type I collagen (CTX) and N- terminal propeptide of type I procollagen (P1NP) at baseline, six weeks post- 
injury, and 12 weeks post- injury stratified by the patient’s baseline vitamin D deficiency status.

supplementation and mean CTX levels from injury to 12 
weeks post- injury (Figure 3). Specifically, the high load-
ing dose corresponded with a 2.6% reduction (- 24.5% 
to 25%, p = 0.836, t- tests with Satterthwaite's method) 
in CTX levels compared to the placebo group. A high 
daily dose corresponded with a 4.2% reduction (95% CI 
-26.2% to 24%, p = 0.746, t- tests with Satterthwaite's 
method) in CTX levels compared to the placebo group, 
and a low daily regimen corresponded with a 24% in-
crease (95%  CI -4.6% to 61%, p = 0.112, t- tests with 
Satterthwaite's method) in CTX levels relative to placebo. 
Similarly, we found no association between vitamin D3 
supplementation and mean P1NP levels in the 12 weeks 
after injury. The P1NP levels of patients allocated to the 
high loading dose were 5.9% lower (95% CI -25.4% to 
19%, p = 0.607, t- tests with Satterthwaite's method) than 
the placebo group. The P1NP levels of patients assigned 
to high daily doses were 9% higher (95%  CI -14.4% to 
38%, p = 0.497, t- tests with Satterthwaite's method) than 
placebo, and patients assigned to low daily doses were 

15% higher (95% CI -9.4% to 47%, p = 0.249, t- tests with 
Satterthwaite's method) than placebo.
association of CtX or P1NP and vitamin D3 supplementa-
tion with early functional healing. We found no evidence 
that CTX concentrations in the 12 weeks after injury and 
the allocated vitamin D3 supplementation increased the 
odds of early functional healing (FIX- IT = 12) (Figure 4). 
A 1 log μg/l increase in mean CTX corresponded with an 
82% increase in the odds of early functional healing (odds 
ratio (OR) 1.82; 95% CI 0.76 to 4.40, p = 0.181, Wald z- 
test). In that same model, neither a high loading dose (OR 
1.98, 95% CI 0.58 to 6.78, p = 0.276, Wald z- test), a high 
daily dose (OR 1.34; 95% CI 0.38 to 4.71, p = 0.651, Wald 
z- test), or a low daily dose (OR 1.41; 95% CI 0.39 to 5.09, 
p = 0.595, Wald z- test) was associated with increased 
odds of early functional healing. The results of our P1NP 
model were similar. We found no association between 
P1NP and early functional healing (OR 1.49 per 1 log μg/l 
increase; 95%  CI 0.62 to 3.56, p = 0.377, Wald z- test). 
There was also no evidence that vitamin D3 supplemen-
tation significantly increased early functional healing in 
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Fig. 3

Distribution of serum C- terminal telopeptide of type I collagen (CTX) and N- terminal propeptide of type I procollagen (P1NP) at baseline, six weeks post- 
injury, and 12 weeks post- injury stratified by vitamin D3 supplementation treatment allocation.

the P1NP model (high loading – OR 2.00; 95% CI 0.59 to 
6.81, p = 0.271, Wald z- test; high daily – OR 1.32; 95% CI 
0.38 to 4.61, p = 0.657, Wald z- test; low daily – OR 1.59; 
95% CI 0.46 to 5.58, p = 0.470, Wald z- test; all compared 
to placebo).
association of CtX or P1NP and vitamin D3 supplemen-
tation with early radiological healing. We found no 
evidence that the mean CTX concentrations in the 
12  weeks after were associated with early radiological 
healing (mRUST ≥ 12) (OR 1.61 per 1 log μg/l increase; 
95% CI 0.64 to 4.03, p = 0.309, Wald z- test) (Figure 5). 
In that same model, we did not observe significant as-
sociations between the patients’ vitamin D3 supple-
mentation group and early radiological healing (high 
loading – OR 1.94; 95% CI 0.48 to 7.83, p = 0.353, Wald 
z- test; high daily – OR 3.31; 95% CI 0.81 to 13.5, p = 
0.095, Wald z- test; low daily – OR 2.44; 95% CI 0.58 to 
10.2, p = 0.221, Wald z- test; all compared to placebo). 
However, we did observe a strong association between 
CTX levels at six weeks with early radiological healing 
(OR 5.39; 95% CI 1.75 to 21.0, p = 0.008, Wald z- test). 

Mean P1NP levels within 12  weeks of injury were not 
associated with an increased odds of early radiological 
healing (OR 1.50 per 1 log μg/l increase; 95% CI 0.59 
to 3.83, p = 0.396, Wald z- test). In the same model, we 
did not observe an association between vitamin D3 sup-
plementation and early radiological healing (high load-
ing – OR 1.94; 95%  CI 0.48 to 7.90, p = 0.352, Wald 
z- test; high daily – OR 3.28; 95% CI 0.80 to 13.5, p = 
0.100, Wald z- test; low daily – OR 2.68; 95% CI 0.65 to 
11.0, p = 0.172, Wald z- test; all compared to placebo). 
However, each 1 log μg/l increase in P1NP concentra-
tions measured at six weeks post- injury was associated 
with a ten- fold increase in the odds of early radiological 
healing (OR 10.5; 95% CI 2.71 to 53.5, p = 0.002, Wald 
z- test).

Discussion
The results of this study add confirmatory evidence that 
CTX and P1NP serum levels are elevated between six and 
12 weeks after tibial and femoral shaft fractures relative 
to baseline measures. We demonstrated that baseline 



BONE & JOINT RESEARCH 

C. C. STEWART, N. N. O’HARA, S. BZOVSKY, C. S. BAHNEY, S. SPRAGUE, G. P. SLOBOGEAN246

Fig. 4

Mean C- terminal telopeptide of type I collagen (CTX) and N- terminal propeptide of type I procollagen (P1NP) levels within 12 weeks of injury stratified by 
vitamin D3 supplementation treatment allocation and early functional healing (FIX- IT = 12).

serum 25(OH)D trended towards an inverse relationship 
to CTX and P1NP in these fracture patients but found no 
evidence of an association between vitamin D deficiency 
and BTMs within 12 weeks of injury. We also found no 
evidence that vitamin D3 supplementation affects BTMs 
during the 12 weeks post- injury. The mean CTX and 
P1NP concentrations over the 12- week period were not 
associated with early functional or radiological healing. 
However, elevated CTX and P1NP levels at six weeks after 
injury had a strong association with radiological healing 
at 12 weeks post- injury.
CtX and P1NP after fracture and relationship with frac-
ture healing. Trends in CTX and P1NP following fracture 
have been consistently demonstrated. Studies in tibial 
and femoral shaft fractures have shown a peak in CTX 
from two to four weeks post- fracture and remain elevat-
ed through 12 to 24 weeks,5,9 and P1NP peaks from four 
to 12 weeks with elevated levels persisting a year after 
fracture.5,8,9 These trends are similar to the larger body of 
evidence from fractures in older patients with several oth-
er fracture types.2,4,7,23 Our results are in agreement with 
these reports demonstrating maximally elevated CTX and 
P1NP at six weeks.

Given the high burden of nonunion,42 and current 
practice of diagnosing nonunion through clinical exam 
and radiological findings several months after fracture, a 

sensitive early marker has significant potential benefit. As 
CTX and P1NP follow distinct trends during normal frac-
ture healing, it has been hypothesized that these markers 
may follow distinct trends in patients with delayed 
healing or those who progress to nonunions. Several 
studies have investigated BTMs as early indicators of frac-
ture healing, although strong evidence supporting this 
use has not been accumulated.10,11 Moghaddam et al,9 in 
a cohort consisting primarily of tibia fractures, observed 
lower levels of CTX in the first week following fractures 
in those with delayed fracture healing compared to 
those with normal fracture healing. No differences were 
observed in P1NP between groups. In contrast, Kumar et 
al8 recently presented evidence that suggests P1NP was 
lower at eight, 12, and 24 weeks in those who experienced 
delayed union after tibia fractures. They did not measure 
CTX, but found no difference in N- terminal telopeptide 
of type I collagen (NTX), another marker of bone resorp-
tion, between groups. Our study observed significantly 
lower values of both CTX and P1NP at six weeks in those 
with delayed radiological healing at 12 weeks. Lower 
CTX in patients with delayed healing corresponds with 
Moghaddam et al’s findings,9 although they observed a 
difference in CTX at one week but not at four or eight 
weeks, whereas we observed a difference at six weeks. 
We did not measure CTX at one week, so a difference may 
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Fig. 5

Mean C- terminal telopeptide of type I collagen (CTX) and N- terminal propeptide of type I procollagen (P1NP) levels within 12 weeks of injury stratified by 
vitamin D3 supplementation treatment allocation and early radiological healing (mRUST ≥ 12).

have existed that was not captured in the present study. 
Moghaddam et al’s sample of 15 delayed healing and 
15 controls may have been too small to detect a differ-
ence at four or eight weeks. Kumar et al8 observed lower 
P1NP in their delayed healing group at eight through 24 
weeks, while we only noted this association at six weeks. 
Overall, our observed changes in CTX and P1NP at six- 
week follow- up suggests that these markers may provide 
earlier indication of delayed fracture healing than three- 
month radiographs.
CtX and P1NP relationship with vitamin D. Vitamin D de-
ficiency has been associated with higher levels of BTMs, 
presumably due to secondary hyperparathyroidism and 
the resulting elevated bone turnover, although the lit-
erature specific to CTX and P1NP is limited.22 The role 
of vitamin D supplementation in clinical outcomes after 
fracture has been a challenge to elucidate.14 Similarly, 
the relationship between vitamin D supplementation 
and CTX and P1NP has shown varying results. Studies 
in patients without fractures have demonstrated an in-
verse relationship between vitamin D supplementation 
and CTX or P1NP,24- 27 or no difference.28,29 In hip frac-
ture populations, Hitz et al37 found an inverse relation-
ship with supplementation and P1NP, and Torbergsen 
et al36 found no difference between supplementation 
and P1NP or CTX. Significant heterogeneity in vitamin D 

dosing existed among these studies. Our data are from 
the first prospective randomized trial to combine both 
clinical and biological measures of fracture healing with 
multiple commonly prescribed vitamin D doses in pa-
tients after fracture. We found no evidence of an associ-
ation between vitamin D supplementation and CTX or 
P1NP in this fracture population. While Hitz et al37 found 
an inverse relationship between vitamin D supplementa-
tion and P1NP, many differences exist between our study 
cohorts that influence BTMs including vitamin D dose, 
baseline vitamin D levels,24 age,22 and fracture type.4,5 
Results in non- fracture patients have shown an inverse 
relationship,24- 27 or noted no difference,28,29 highlighting 
the modest association between vitamin D supplemen-
tation and CTX and P1NP.

Similar results have been observed in the relationship 
between serum 25(OH)D and CTX and P1NP. An inverse 
relationship was seen between CTX and 25(OH)D in 
two studies on older hip fractures,7,43 with no associa-
tion between 25(OH)D and P1NP in hip or distal radius 
fractures.7,34 Literature from individuals without fractures 
similarly showed an inverse relationship,30,31 or did not 
observe a difference.32,33 We add to the limited evidence 
in younger fracture populations, showing a trend towards 
higher CTX and P1NP in patients with lower levels of 
serum 25(OH)D.
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Limitations and strengths. Blood draws in this study were 
limited to three months. As described previously, CTX 
and P1NP may be elevated for at least a year. However, 
our data suggest that peak values occur near six weeks, 
consistent with previous reports. Further, three months 
is sufficient to monitor early signs of healing.38,44 A po-
tential weakness of using BTMs as predictors of fracture 
healing is the rapid increase after fracture. Our baseline 
blood draws occurred within seven days, introducing the 
possibility that some patients had elevated baseline BTM 
values compared to immediately post- fracture.5 As previ-
ously demonstrated, peak CTX and P1NP occur later than 
one week post- fracture, and the initial rise occurs near 
two weeks.4,5,9 Further, our blood draws were unfasted, 
potentially introducing variability to the CTX measure-
ments.22 Attrition in the sample reached approximately 
35% despite multiple phone calls to try to contact study 
participants. However, the analyses used mixed- effects 
repeated- measures models and data were assumed to 
be missing at random, limiting the bias of missing data 
on the estimates. Delayed healing and nonunions are 
influenced by many factors,45 such as reduction and fix-
ation quality, which our study did not assess. Similarly, 
BTM response is influenced by factors such as location 
of fracture.4 Our sample included tibia and femur frac-
tures, potentially introducing variability to the BTM re-
sponse. Open fractures may also exhibit differential BTM 
responses and have higher rates of nonunion compared 
to closed fractures. While our study included both low- 
grade open fractures and closed fractures, the increase 
in nonunion rates is largely driven by grade III fractures,45 
which were not included in the study cohort. Further, 
we conducted several tests to confirm homogeneity, 
and found no model that included an open fracture in-
teraction term with fracture healing or BTM outcomes. 
Finally, we did not record other BTMs that have shown 
association with delayed healing such as the osteoclast- 
associated tartrate- resistant acid phosphatase (TRACP) 5b 
enzyme.9,11 However, strong evidence does not support 
use of specific BTMs as markers of fracture healing at pres-
ent. Future prospective studies may consider incorporat-
ing additional BTMs in light of previous reports.9,11

This trial has several strengths that add confidence 
to the results. Multiple commonly prescribed vitamin 
D doses were studied, including both loading dose and 
daily dose regimens, allowing for generalizability to 
many fracture patients receiving vitamin D regardless of 
dosing. BTMs have several sources of pre- analytical varia-
tion; the prospective nature of this study, randomization, 
fracture population aged 18 to 50 years, and exclusion 
of many diseases that confound BTMs served to limit 
many sources of potential bias. The patient population 
of tibial and femoral shaft fractures in patients aged 18 to 
50 years allows for generalizability of the results to these 
common fractures. However, our results may not be 
generalizable to other populations, such as older vitamin 
D- deficient patients or those treated nonoperatively, 
which are important areas of future investigation. Finally, 

our finding of differential response of CTX and P1NP in 
delayed union is an important contribution to the current 
understanding of BTMs and fracture healing.

In conclusion, CTX and P1NP concentrations increase 
during acute fracture healing. Elevated CTX and P1NP 
levels at six weeks after injury may be an early marker 
for radiological healing at 12 weeks post- injury. Vitamin 
D3 supplementation appears to have a limited effect on 
CTX (bone resorption marker) and P1NP (bone formation 
marker) responses. Our data suggest a limited relation-
ship between baseline serum 25(OH)D levels and early 
CTX and P1NP measures. To date, clinically relevant BTM 
ranges have not been robustly defined in their relation-
ship to either normal or impaired healing. While this 
study adds significantly to our understanding of these 
BTMs across routine and delayed healing, future studies 
are required to determine if there is an optimal range or 
pattern of change of CTX and P1NP, in combination with 
other factors,42 that may be used as early predictors of 
nonunion.

Supplementary material
  Figure showing the distribution of serum C- 

terminal telopeptide of type I collagen and N- 
terminal propeptide of type I procollagen at base-

line, six weeks post- injury, and 12 weeks post- injury.
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