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Abstract

Summary Critical illness may lead to altered bone turnover
and associated adverse health outcomes. This systematic re-
view found moderate evidence for a positive association be-
tween critical illness and increased bone turnover. Prospective
cohort studies that identify the extent and risk factors for
critical illness related bone loss are required.

Introduction Intensive care patients face health issues that
extend beyond their critical illness and result in significant
morbidity and mortality. Critical illness may result in altered
bone turnover due to associated immobilisation, inflamma-
tion, exposure to medications that effect bone and calcium
metabolism, and endocrine dysfunction. The aim of this study
was to synthesise the existing evidence for altered bone turn-
over in adults admitted to intensive care.

Methods A literature search using MEDLINE and EMBASE
was performed from 1965 to March 2013. Reviewed studies
investigated the relationship between critical illness and evi-
dence of altered bone turnover (bone turnover markers, bone
mineral density, or fracture). Studies were rated upon their
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methodological quality, and a best-evidence synthesis was
used to summarise the results.

Results Four cohort and seven case—control studies were
identified for inclusion, of which five studies were rated as
being of higher methodological quality. Ten of the studies
measured bone turnover markers, and one study fracture rate.
Findings were consistent across studies, and best-evidence
analysis resulted in a conclusion that moderate evidence exists
for an association between critical illness requiring admission
to intensive care and altered bone turnover.

Conclusion A positive association between critical illness
requiring intensive care admission and bone turnover exists,
although data are limited, and the risk factors and the nature of
the relationship are not yet understood. Prospective cohort
studies that identify risk factors and extent of critical illness
related bone turnover changes are required.
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Introduction

Intensive care patients face health issues after their critical
illness including increased mortality, reduced quality of life,
reduced return to work, and ongoing economic and social
costs to families and caregivers when compared to pre-
illness and general population controls [1-7]. Despite an
increasing awareness of long-term sequelae of critical illness,
the identification of specific pathophysiologies amenable to
intervention remains elusive. Osteoporosis is a major public
health problem, and is widely recognised as a chronic pro-
gressive disease with multifactorial actiology [8]. The epide-
miology and risk factors for primary and secondary osteopo-
rosis are well described, including increasing age, female
gender, low body mass index (BMI), smoking, excessive
alcohol intake, positive family history, medications such as
glucocorticoids, and predisposing disease or medical condi-
tion such as hyperthyroidism [8, 9]. However, as few as 13—
27 % of patients with osteoporosis are treated following a
fragility fracture, suggesting it remains an under-diagnosed
disease [10, 11]. Critical illness, with its associated immobili-
sation, inflammation, and endocrine dysfunction, may lead to
accelerated bone turnover. When combined with an ageing
population with undiagnosed osteoporosis, this accelerated
bone turnover may contribute to the burden of morbidity and
mortality observed in survivors of intensive care [12, 13]. Ina
review of metabolic bone disease in the intensive care unit
(ICU), Hollander et al. concluded an interventional study of
bisphosphonates in survivors of ICU is needed [14]. However,
there is no systematic review of the evidence for accelerated
bone turnover following critical illness, or of the nature and
risk factors for this relationship.

In this study, we sought to systematically review and
synthesise the current literature regarding the association be-
tween critical illness and changes to bone turnover. In addi-
tion, we describe ongoing and planned research in this area.

Methods
Search strategy and study selection

To identify studies that examined whether admission to an
ICU was associated with changes in bone turnover in adults,
we searched MEDLINE (1965 until 31 March 2013) and
EMBASE (1974 until 31 March 2013) for citations of relevant
articles. Our computerised search strategy employed the fol-
lowing medical subject headings (MeSH/EMTREE) (“me-
chanical ventilation” or “critical illness” or “chronic critical
illness” or “ventilator” or “critical care” or “intensive care”)
and (“bone turnover” or “bone change” or “fracture” or “bone
mineral density” or “bone density” or “bone loss” or “CTX”
or “PINP” or “bone biomarkers” or “bone markers”).

@ Springer

Studies were deemed eligible for inclusion in this review if
they met the following criteria: full-text original articles; com-
prised either a cohort, case—control, or a cross-sectional study
design; examined, in adults aged >18 years, associations
between receiving mechanical ventilation in an ICU (with a
length of stay 24 h or greater), and de novo change in bone
turnover (defined as loss of BMD, increase in bone turnover
markers (BTMs), or incident fracture of at least one of the
major osteoporotic sites of hip, wrist, humerus, or spine).
Patients that were identified as osteoporotic at the time of
ICU admission were included.

Studies were excluded if published in languages other than
English; utilised animal models; investigated patients with
existing neurological illness that results in impaired weight-
bearing (including stroke with loss of weight-bearing, spinal
cord injury, progressive neurological disease, e.g. multiple
sclerosis); were admitted to ICU for reasons of trauma-
related fracture, or with existing metabolic bone disease;
employed qualitative methodology; or were review articles,
editorials, commentaries, dissertations, or were randomised
control trials. Where interventional studies reported baseline
data that fulfilled inclusion and exclusion criteria prior to
intervention, the baseline data were included in the analysis.

We electronically restricted our search to identify articles
that were related to human subjects, published in English, and
available in full-text. Reference lists of relevant studies
deemed eligible for inclusion were manually searched, and
citations were tracked for those publishing in the field of
interest.

Two reviewers confirmed the search strategy (NRO and
SLB) and one reviewer performed the computerised search
and initial manual search (NRO). Complete details of the
search strategy can be obtained from the corresponding au-
thor. For each eligible study, two reviewers (NRO and CEC)
confirmed the selection of articles based on readings of the
full-text article. Where the eligibility of studies was ambigu-
ous, two reviewers (NRO and CEC) held discussions to reach
consensus. Where consensus could not be achieved, a third
reviewer was consulted (SLB).

Methodological quality assessment

To assess the methodological quality (internal validity) of the
included studies, two reviewers (NRO and CEC) undertook
independent scoring using an adapted version of the scoring
system published by Lievense et al. [15] (Table 1); this meth-
odological approach has previously been employed for re-
views of observational studies in the field of musculoskeletal
disorders [15, 16]. Both reviewers independently scored each
of the criteria as positive (1), negative (0), or not applicable
(NA), with a maximum possible score for each study design of
100 %. Where the score afforded to certain criteria differed
between the reviewers, discussion was held to achieve
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Table 1 Criteria list for assessment of methodological quality for each
eligible study, adapted from Lievense et al. [15]

Table 2 Criteria list for determining the level of evidence for best-
evidence synthesis, adapted from Lievense et al. [15, 16]

Item criterion

Level of evidence Criteria for inclusion in best-evidence synthesis

Study population
1. Selection at uniform point C/CC
2. Cases and controls drawn from same population CC
3. Participation rate >80 % for cases/cohort c/cC
4. Participation rate >80 % for controls CcC
Assessment of risk factor
5. Exposure assessment was blinded c/cC
6. Exposure measured identically for cases and controls CC
7. Exposure assessed prior to outcome c/CcC
Assessment of bone turnover
8. Bone turnover assessed identically in studied population c/cC
9. Bone turnover reproducibly (coefficient of variation c/cC
reported)
Study design
10. Prospective design used C/CC
11. Follow-up time >24 months C
12. Withdrawals <20 % C
Analysis and data presentation
13. Appropriate analysis techniques used C/CC
14. Adjusted for at least age and gender c/CcC

C applicable to cohort studies, CC applicable to case—control studies

consensus; if disagreements were not resolved, a third review-
er (SLB) was consulted to achieve a final judgment. Positive
scores were summed to give an overall internal validity score.

Data analysis

As there were limited data and studies were heterogeneous, a
“best-evidence” synthesis was preferred rather than a meta-
analysis. The studies were divided into subgroups according
to the type of study design. A cohort study was judged the
most valid design, followed by case—control study. Studies
were then ranked according to their methodological quality
score (Table 2). A study was considered to be of higher quality
if the methodological quality score was greater than the mean
quality score of all studies [15-17].

Results
Search results and study characteristics

The results of our search are presented in Fig. 1. Our electronic
search strategy identified 13,185 studies, including 2,218
duplicates that were subsequently excluded. Of the remaining
10,967 studies, a total of 21 underwent full-text review to
determine eligibility. A further six studies were identified for

Strong evidence Generally consistent findings:
Multiple high-quality cohort studies
Generally consistent findings:

One high-quality cohort study and >2
high-quality case—control studies

Moderate evidence

>Three high-quality case—control studies
Limited evidence Generally consistent findings in:
Single cohort study
One or two case—control studies or
Multiple cross-sectional studies
Conflicting evidence  Inconsistent findings in <75 % of the trials

No evidence No studies could be found

full-text review from a manual search of citation lists. Of the
27 full-text studies reviewed, 16 were excluded for not meet-
ing the predetermined eligibility criteria, resulting in 11 stud-
ies included in the final analysis [18-28]. In three of the case—
control studies, ICU patients were randomised to an interven-
tion after comparison of baseline data from the ICU cohort
was compared to a control cohort [22, 23, 26]. The baseline
data from these studies was included in the analysis, whereas
the data resulting from the randomised intervention was ex-
cluded. One study performed in vivo analysis of osteoclast
number and activity in ICU patients compared to controls,
with further in vitro analysis of osteoclast cells, osteoblastic
cells, and serum activation factors [25]. As the in vitro tests
were not recognised tests of bone turnover, they were exclud-
ed from the analysis.

Description of the studies

An overview of the included articles (n=11) is presented in
Table 3. Four of the studies were cohort study design [18-21]
and the remaining seven were case—control study design
[22-28]. Sample sizes ranged from 9 [28] to 739 cases [18].
A group of seven patients were shared by two studies, in
which a total of 15 cases [23] and 33 cases [22] were enrolled.
In addition, these studies shared the same group of 50
controls.

The criteria for enrolment in the studies included require-
ment for mechanical ventilation in an ICU [20, 27, 28],
duration of mechanical ventilation greater than 48 h [18] or
2 weeks [22-24], chronic critical illness [25], admission to a
respiratory care unit for prolonged ventilatory support [19,
21], and ICU length of stay greater than 10 days [26]. Patient
populations included mixed adults in nine of the studies
[18-21, 24-28], and males only in two studies [22, 23]. A
control population was present in the seven case—control
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Fig. 1 Summary of systematic
search (QUOROM diagram)

Search Results n= 13,185

MEDLINE n=3717
EMBASE n=9468

v

Duplicates n=2218

Studies retrieved for more
detailed evaluation n=10,967

Studies excluded based on title and
abstract

- Non English n=51

- Non human n=20
> - Non adult =4747

-NotICUn=1718

- Not new bone tumover n=4092
- Neurological study n=37

- Not research paper=286

Potentially appropriate studies
for full-text review n=21

Studies excluded based on full text
eligibility n= 10
- Not ICU 24hrs n=1

v

»| Not human n=1
- Not new bone tumover n=3

Additional studies identified
through reference review of
eligible full-text articles n=6

- Not research paper=4
-RCT=1

Studies excluded based on full text

v

> eligibility n=6
- Not new bone tumover n=3
- Not research paper=3

review n = 11

Studies included in systematic

studies, and in one of the cohort studies [18]. The controls
were age- and gender-matched healthy population-based par-
ticipants in six studies [18, 22-26], age but not gender-
matched healthy controls in one study [28], and non-gender
or age-matched participants with a history of rheumatism or
mild osteoarthritis in one study [27]. Exclusion criteria includ-
ed renal, metabolic, and liver disease in five studies [22-24,
26, 28], metabolic and neurological disease in four studies
[22-24], and prior medications in four studies [22-24, 26].
The follow-up time for patients ranged from 1 day [24, 25] to
10 years [18].

Methodological quality assessment

The two reviewers scored 129 items and agreed on 117 items
(90.70 % agreement, x=0.80, standard error (SE) 0.05, 95 %
CI0.70-0.91, strength of agreement considered “very good”).
The 12 disagreements were resolved in a single consensus
meeting. The range of methodological scores was 55 to 67 %
(Table 4), with the mean of quality scores 61 %. Using the

@ Springer

mean score as the cut-off point, 5 of 11 were considered to be
of higher methodological quality [18, 19, 22-24].

Results of all included studies
Assessment of bone turnover

Table 4 presents the findings of the reviewed studies. The
BTM used in the studies included bone resorption and bone
formation markers [29]. The bone resorption markers mea-
sured included urinary collagen type 1 cross-linked N-
telopeptide (NTX) in two studies [19, 21], urinary
pyridinoline (Pyd) or deoxypyridinoline (Dpd) in seven stud-
ies [20, 22, 23, 26-28], and urine or serum carboxy-terminal
cross-linked telopeptide of type 1 collagen (ICTP/BCTX) in
two studies [20, 26]. One study reported serum osteoclast
precursors (double-positive CD14+/CD11b+) and serum ma-
ture osteoclasts (triple-positive CD14+/CD11b+/VNR+) [25].
Bone formation markers were reported in four studies [22-24,
26] and included serum skeletal alkaline phosphatase (SALP),
serum osteocalcin (OC), serum procollagen type 1 C peptide
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(P1CP), and serum procollagen type 1 N peptide (PINP).
Incident fracture rate post-ICU discharge was reported as the
outcome in one study [18].

Results of bone turnover measurement

All studies that measured markers of bone resorption reported
an increase in markers compared to controls or reference
range, suggesting increased osteoclastic activity. The two
studies observing urinary NTX levels in patients admitted to
a respiratory care unit (prolonged ventilation unit) reported
elevated NTX in 83 % of patients [21], with baseline levels 4-
to 6-fold greater than reference range [19, 21] while urinary
collagen cross links (Pyd, Dpd) were increased 4- to 14-fold
compared to controls [20, 2224, 26-28], and serum carboxy-
terminal cross-linked telopeptide of type 1 collagen was in-
creased 3- to 6-fold compared to controls or reference values
[20, 26]. The one study that measured osteoclast precursors
and mature osteoclasts in serum described a significant in-
crease in osteoclast precursors in critical illness compared to
controls [25].

The studies that reported markers of bone formation de-
scribed a varied increase in SALP compared to controls, a
significant increase in P1CP and PINP compared to controls,
and a significant decrease in osteocalcin compared to controls
[22-24, 26]. These results suggest an increase in number and
activity of immature osteoblasts, with low activity of mature
osteoblasts.

The single study that reported the incidence of new frac-
tures following ICU described an increased incident fragility
fracture risk in older female ICU survivors (rate 4.33/100
patient years, 95 % CI 2.72-5.93) compared with age- and
gender-matched population controls (rate 2.81/100 patient
years, 95 % CI 2.33-3.28) [18].

Exposure variables and increased bone turnover

Three studies reported a relationship between bone resorptive
markers and either ICU or hospital length of stay, with a
positive correlation between urinary NTX and ICU length of
stay (r=0.42, p<0.01) [19], urinary NTX and both hospital
(r=0.49, p<0.01) and ICU Iength of stay (»=0.42, p<0.01)
[21], and increased urinary Pyd and Dpd in patients with an
ICU length of stay of 5 days or greater compared to less than
5 days [28]. The relationship observed between vitamin D,
parathyroid hormone, or calcium status was variable [19, 20].
An association between bone formation markers and inflam-
matory markers was observed in three studies [22-24], an
inverse correlation between bone resorptive markers and thy-
roid hormones in one study [24], and no correlation between
nitric oxide breakdown products and bone resorption markers
in one study [27]. The two studies that compared ICU patients
with sepsis to other ICU cohort reported an increase in bone

resorption markers in sepsis compared to trauma [27] and
surgery [20].

Best-evidence analysis

As the reviewed studies employed different methodology had
recruited diverse populations (for example, differences in
ages, gender and population sizes, among other factors), and
examined varying follow-up times, we performed a best-
evidence analysis to cater for the high-level heterogeneity.
Our best-evidence synthesis included studies that scored
above the mean (>61 %) for their methodological quality. Of
the eligible studies, two cohort [18, 19] and three case—control
studies [22—24] were considered to be of higher methodolog-
ical quality.

The higher-quality cohort studies described an increase in
bone resorption markers, with a positive correlation between
markers and duration of ICU stay [19], and an increase in
fragility fracture in older women following ICU admission
compared to age- and gender-matched healthy controls [18].
The higher-quality case—control studies described an increase
in bone resorption, a pattern of increased bone formation
consistent with an increased number and activity of immature
osteoblasts and decreased activity of mature osteoblasts, and a
correlation between inflammatory cytokines and bone resorp-
tive activity [22-24]. These results are consistent with find-
ings of the lower-quality studies.

In summary, the result of our best-evidence analysis is 5 of
11 studies (two cohorts and three case—control) that were
considered of higher methodological quality, with consistent
results. This is consistent with a conclusion that moderate
evidence exists for an association between critical illness
requiring intensive care admission and changes in bone
turnover.

Discussion

Overall, we identified limited but consistent data that examine
the relationship between critical illness requiring ICU admis-
sion and bone turnover. A best-evidence analysis of available
literature provides moderate evidence for a positive associa-
tion between critical illness requiring ICU admission and
increased bone turnover, a finding in all the studies identified
by this analysis. There are insufficient high-quality data avail-
able about the factors contributing to the relationship between
ICU admission and bone turnover to allow interpretation of
the nature of this association.

This review included studies with patients admitted to ICU
for mechanical ventilatory support for greater than 24 h, and
assessed measures of bone turnover following ICU admission.
We chose a relatively inclusive definition of critical illness for
this review; as although chronic or prolonged critically ill are
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more likely to be at risk of increased bone turnover, the
definition for chronic critical illness remains ambiguous
[30], and the relationship between critical illness and bone
metabolism is relatively unexplored.

The criteria for new bone turnover used in this review
included BMD assessment, BTMs, and incident fracture.
Measurement of BMD remains the primary tool for fracture
risk and osteoporosis treatment assessment, and is the central
component of internationally agreed definitions of osteoporo-
sis [31]. An important limitation of the studies identified by
this analysis is that no report changes in BMD during or
following critical illness. A single study reported an increased
in fragility fracture risk in older females following ICU com-
pared to population controls, and although this was a large
study with a high methodological quality score, it was limited
by its retrospective design [18]. There are no studies reporting
the use of bone histomorphometric analysis of bone biopsies
or other methods for assessing bone microarchitecture (high-
resolution CT or MRI imaging) in critically ill patients. Bone
histomorphometry could provide information regarding the
effects of critical illness on microarchitectural deterioration,
mineralisation and dynamic indices of bone resorption, and
formation.

Bone turnover markers were the outcome measured in 10
of the 11 studies identified in this review. BTMs are an
important tool to assess progression of osteoporosis, fracture
risk, and treatment response [29, 32, 33]. Overall, BTMs are
separated into markers of bone resorption (PyD, DpD, B-
CTX/ICTP) and bone formation (ALP, BALP, OC, P1CP,
PINP) [34]. However, BTM levels are affected by a number
of factors, requiring more complex interpretation. Osteocalcin
is a marker of osteoblast function and bone formation, but
smaller fragments are derivatives of bone resorption and in-
cluded in assay. The bone formation markers PINP and P1CP
are both procollagen terminal extension peptides, but PINP is
more specific for bone formation. Also, a number of BTMs
are affected by biological factors including age, gender, co-
existing disease, and medications [34]. Examples include
decreased excretion of B-CTX in renal failure [34] and sensi-
tivity of OC to glucocorticoid exposure [35].

The studies identified in this review consistently de-
scribed changes in BTMs during critical illness sugges-
tive of an increased osteoclastic bone resorption (in-
creased urinary DpD and PyD, serum B-CTX/ICTP),
an increase in immature osteoblast number and activity
(serum PICP and PINP), and a reduced activity of
mature osteoblasts (serum OC and ALP). The increase
in bone resorption markers described in these studies is
of the magnitude described in postmenopausal females,
or metabolic bone disease [33, 36, 37], and has been
likened to other metabolic bone disorders, such as
Paget’s disease, where uncoupling of bone osteoclast
and osteoblast activity is described [26].

@ Springer

A limitation of the studies using BTMs to assess bone
turnover in this analysis was the short duration of follow-up,
ranging from 1 to 26 days, and a lack of premorbid assessment
of bone turnover or skeletal health. When BTMs are used to
assess treatment effect of anti-resorptive agents, an interval of
3—6 months is normally recommended [35]. Although these
studies are not designed to assess the effect of anti-resorptive
agents on bone turnover, the short duration of follow-up
decreases the ability to establish a causal relationship between
critical illness and bone turnover.

An important limitation of the evidence identified by this
review is the limited analysis of the effect of possible con-
founding variables on the association between critical illness
and altered bone turnover. Although six of the studies provid-
ed an age- and gender-matched assessment of a control group,
the effects of other known causes of osteoporosis and vari-
ables, known to affect the metabolism of BTMs (including
menopausal status, renal failure, liver disease, diabetes, thy-
roid disease, and medications) [36, 37], were not consistently
addressed. These variables are likely to occur in critically ill
patients, leaving the possibility that altered metabolism of
BTMs or known risk factors for osteoporosis are partly or
wholly responsible for the observed increase in bone turnover.

The studies in this analysis do provide some information
about the relationship between critical illness duration, inflam-
mation, immunomodulation, endocrine dysfunction, and in-
creased bone turnover. Higher levels of bone resorption
markers were observed in ICU patients with a length of stay
of greater than 5 days compared to less than 5 days [28]. This
may indicate a relationship between duration of critical illness
and bone resorption, although the lack of adjustment for
confounders, including co-morbid illness such as renal failure,
prevents the nature of this relationship being established.

Vitamin D deficiency with resultant secondary hyperpara-
thyroidism and prolonged immobilisation may increase the
risk of excessive bone resorption; however, a range of meta-
bolic abnormalities characterised as primary hyperparathy-
roidism, secondary hyperparathyroidism, and mixed disorder
were described in critically ill patients with elevated bone
resorption markers [19]. Two studies report the effects on
bone turnover of treating vitamin D deficiency in critically
ill patients. The interventional data from one study in this
analysis described the effect of parenteral vitamin D 200 TU
or 500 IU daily in long-term surgical ICU patients receiving
parenteral nutrition. Higher dose vitamin D was associated
with a relatively small increase in serum OC, and a decrease in
serum B-CTX, but did not affect other BTMs. In addition, the
decrease in inflammatory markers interleukin-6 and C-
reactive protein over time was more pronounced with the
higher dose vitamin D [26]. However, treating vitamin D
deficiency with calcitriol did not lead to a reduction in bone
resorption markers, suggesting that vitamin D deficiency was
not the mechanism for accelerated bone turnover [21].
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A positive relationship between inflammation and in-
creased bone turnover was present in a number of studies
[22-24, 26], and was unrelated to severity of illness, type of
illness, age, or outcome [26]. Systemic inflammation has been
identified as a marker for increased fracture risk in non-
critically ill patients, with a 23 % increase risk of fracture
associated with each standard deviation increase in the inflam-
matory marker high-sensitivity C-reactive protein [38]. In-
flammatory cytokines such as TNF-« and IL-6 are potent
stimulators of RANK ligand-mediated activation of osteoclas-
togenesis and direct activation of osteoclast precursors [26].
Ongoing bone resorption did not correlate with inflammatory
markers, which may reflect the influence of other mecha-
nisms, a prolonged effect of cytokines through osteoclast
activation factors that increases maturation and lifespan of
osteoclasts, or a direct effect of cytokines on osteoclast pre-
cursors. In one of the studies, concomitant treatment with
glucocorticoids, thyroid hormones, or any other ICU medica-
tion did not significantly affect markers of bone turnover at
any of the studied time points [26].

A series of studies included in this review by Van den
Berghe et al. [22—24] described changes to the somatotrophic,
thyrotrophic, and gonadotrophic axes in prolonged critical
illness, and included bone markers as a part of measures of
target tissue effects. The studies describe a positive correlation
between inflammatory cytokines and osteoclastic and osteo-
blastic activity, with variable effects of restoration of
somatotrophic, thyrotrophic, and gonadotrophic axes on
BTMs. The administration of growth hormone-releasing pep-
tide (GHRP) alone led to reactivation of pulsatile GH secre-
tion in critically ill patients, but no changes in BTMs [22]. The
addition of thyroid releasing hormone (TRH) led to increased
osteocalcin, suggesting impaired maturation of osteoblasts
may be explained by a suppressed thyroid axis [22]. Finally,
the addition of gonadotropin-releasing hormone (GnRH) led
to a further increase in osteocalcin [22, 23]. This complex
relationship between sex hormones and altered bone turnover
markers in critical illness is not surprising given the increas-
ingly complicated interaction between these regulators of
osteoclast differentiation and activity [39].

In vitro experiments have shown that compared to healthy
controls, critically ill patients’ peripheral blood mononuclear
cells (PBMCs) responded to the presence of osteoclastic acti-
vation factors with an increased number and activity of mature
osteoclasts [25]. In addition, exposure of PBMC:s to critically
ill patient sera resulted in an increased formation of mature
osteoclasts, whereas a model of bone formation showed a
reduction in angiogenesis factor expression, and reduced vas-
cularity and maturity of bone formation.

This systematic review provides moderate evidence of a
relationship between critical illness and increased bone turn-
over. Increased bone turnover may lead to impaired fracture
healing or post-ICU fragility fractures, with their associated

morbidity and mortality. Increased bone turnover is associated
with mortality in elderly patients [40] and patients with car-
diovascular disease [41]. If future studies find that survivors of
critical illness are at high risk of subsequent fragility fracture,
target interventions to prevent or attenuate acute bone loss
such as the early administration of anti-resorptive therapies
may be assessed as a broader fracture prevention strategy.

There is limited evidence examining the efficacy of
bisphosphonates in this setting. A randomised controlled trial
identified in the search strategy and excluded from this anal-
ysis reported a transient decrease in serum B-CTX in chronic
critically ill patients receiving a single intravenous dose of
ibandronate compared to placebo [42]. In addition, the de-
crease in the bone turnover marker (serum OC) observed in
postmenopausal women receiving ibandronate [43] was not
observed in this study, supporting the theory that bone forma-
tion and resorption is uncoupled in critical illness. Although
limited by small sample size, short follow-up, and limited
extent and duration of effect, this study provides evidence that
suppression of excessive bone resorption in critical illness is
possible.

The higher-quality cohort and case—control studies provide
moderate evidence for an association between critical illness
requiring intensive care admission, and increased bone turn-
over. A prospective observational study evaluating BMD
changes in the year after critical illness, with comparisons to
age- and gender-matched population controls, and adjustment
for known risk factors and possible critical illness factors is
now required.
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