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Summary

Background Iron deficiency is present in up to 75% of patients presenting for colorectal cancer surgery. It is
unclear whether iron deficiency without anaemia is associated with worse postoperative outcomes. We
hypothesised that, in adults without anaemia undergoing surgery for colorectal cancer, iron deficiency would
be associated with worse postoperative outcomes relative to an iron-replete state.

Methods We performed a prospective, observational study, recruiting adults (aged > 18 y) without anaemia
who were undergoing surgery for colorectal cancerin 16 hospitals across Australia and Aotearoa/New Zealand.
Anaemia was defined as a haemoglobin concentration < 130 g.I"" for men and < 120 g.I"" for women. Iron
deficiency was defined primarily as transferrin saturation < 20%. The primary endpoint was days alive and at
home on postoperative day 90. The primary endpoint analysis was adjusted for surgical risk based on recruiting
institution; sex; Charlson comorbidity index; CR-POSSUM score; surgical approach; and requirement for
neoadjuvanttherapy.

Results Of 420 patients, 170 were iron deficient and 250 were iron replete. The median (IQR [range]) days alive
and at home in the iron-deficient group was 84.0 (80.7-85.9 [0-88.2]) days and in the iron-replete group was
83.1 (78.7-85.1 [0-88.9]) days. The unadjusted difference in medians between groups was 0.9 (95%Cl 0-1.8,
p = 0.047) days and the adjusted difference was 0.9 (95%CI 0-1.80, p = 0.042) days, favouring the iron-deficient

group.

48 ©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists.
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Conclusions In adult patients without anaemia undergoing surgery for colorectal cancer, iron deficiency

defined by transferrin saturation < 20% was not associated with worse patient outcomes and appeared to be

associated with more days alive and at home on postoperative day 90.
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Introduction

Iron deficiency is presentin 66-75% of patients presenting for
colorectal cancer surgery, depending on the definition used.
Iron deficiency anaemia has been associated with a variety of
poor cancer outcomes in operative and non-operative
patients [1-3]. These associations underpin best practice
guidelines that recommend clinicians should identify and
treatiron deficiency anaemia before major surgery [4].

Based on these associations, it has been postulated that
early or ‘non-anaemic’ iron deficiency might also be
associated with worse outcomes after major surgery [5].
Despite non-anaemic iron deficiency being twice as
common as iron deficiency anaemia on a population scale
[6], data examining associations between non-anaemic iron
deficiency and postoperative outcomes are sparse [7]. Data
from cardiac surgery patients suggest no association
between non-anaemic iron deficiency and worse
patient-centred postoperative outcomes [8]. However,
there are no prospective studies in any abdominal surgical
population that examine a similar research question, and it
is unclear whether patients undergoing major surgery for
colorectal cancer should be screened routinely for
non-anaemic iron deficiency.

To address this gap in the evidence, we aimed to
determine if pre-operative non-anaemic iron deficiency is
associated with worse outcomes in patients undergoing
major or complex major surgery for colorectal cancer, and if
so, for which definition(s) this association was strongest.

Methods

We performed a prospective, observational study in adult

patients who underwent isolated, elective surgery for

colorectal cancer in 16 hospitals across Australia and
Aotearoa/New Zealand (online Supporting Information
Appendix S1). The study was approved by the Austin Health
Human Research Ethics Committee and the study protocol
has been published elsewhere [9].

All patients were screened for inclusion using the
results of routine pre-operative blood tests [10]. Patients
who met the World Health Organization diagnostic criteria
for anaemia (haemoglobin concentration < 130g.l" for
men and < 120 g.I"" for women) were not studied [11]. We
also did not study patients meeting any of the following
criteria: emergency or inpatient surgery; pregnancy or
breastfeeding; age < 18y; treatment with exogenous iron
(oral or intravenous) or erythropoiesis stimulating drugs
between pre-operative determination of iron status and
surgery; haemoglobinopathy; primary or secondary bone
marrow disease; and end-stage renal failure requiring
dialysis. The study is reported in accordance with the
STROBE statement[12].

All patients received routine pre-operative laboratory
studies recommended by the Australian National Blood
Authority, including full blood count; serum ferritin; and
transferrin saturation (TSAT) [10]. The study protocol
required pre-operative iron status be established no more
than 45 days before surgery wherever possible. Where a
patient did not meet criteria for anaemia based on a
pre-operative full blood count, but iron studies had not
been performed, these were performed on the day of
surgery before surgical incision. Patients with a TSAT < 20%
were analysed in the iron-deficient group. Patients with a
TSAT >20% were analysed in the iron-replete group. This
definition has been used in observational studies [13] and
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interventional trials [14] to stratify iron status in patients
undergoing surgery for colorectal cancer.

Baseline patient characteristic data collection included:
age; sex; weight; BMI; ethnicity; medications; smoking
history; and requirement for neoadjuvant chemotherapy or
radiotherapy. Predicted 10-year and 30-day mortality were
determined by the Charlson comorbidity index [15] and the
Colorectal Physiological and Operative Severity Score for
the Enumeration of Mortality and Morbidity (CR-POSSUM)
respectively [16]. Pre-operative investigation variables
included haemoglobin concentration; white cell count;
platelet count; serum creatinine; serum albumin; serum
ferritin; TSAT; and C-reactive protein. Heart rhythm was
determined by a pre-operative 12-lead electrocardiogram.
Intra-operative data collected included: surgical approach
(open vs. minimally invasive); operation type (refers to the
extent of the surgery as determined by CR-POSSUM score);
planned procedure; duration of surgery (time between
surgical incision and wound closure); and requirement
for and type of regional anaesthesia. Postoperative
data (additional to outcomes) collected included:
requirement for high dependency or intensive care;
intra-abdominal drain loss measured on postoperative day
3; and requirement for and time to return to intended
oncological therapy (RIOT) (i.e. adjuvant chemotherapy or
radiotherapy).

Patients could withdraw from the study on request.
Where patients were not able to be contacted following
hospital discharge, their general practitioner was contacted
to determine the duration of any subacute stay and/or
readmission to ensure primary outcome data were
complete.

The primary outcome was days alive and at home at
postoperative day 90 (DAOH90), a validated
patient-centred endpoint in peri-operative clinical trials and
cohort studies. It combines several key indicators for
measuring effectiveness of interventions[17]. Itis calculated
from the following:

Days alive and at home =time available for followup
— duration of initial length of stay
— duration of rehabilitation or subacute care
— duration of any readmission to hospital

Time spent in subacute care is included in the
calculation only if it is in a location different to the patient’s
usual home environment. If a patient dies during the
follow-up period, days alive and at home is recorded as

zero, irrespective of when death occurred. The minimum

difference that has been reported to be meaningful to
patientsis 3 days[18].

Secondary outcomes were: days alive and at home on
postoperative day 30 (DAOH30); duration of inpatient stay;
requirement for allogeneic red blood cell transfusion
measured up to postoperative day 9; requirement for
readmission to acute care measured up to postoperative
day 90; haemoglobin concentration measured at
postoperative day 3 and day of acute care discharge;
recovery from surgery measured by the 15-item Quality of
Recovery questionnaire (QoR-15) at postoperative day 3
[19]; change in functional status between baseline and
postoperative day 30 measured by the five-level European
Quality of Life Score (EQ-5D-5L) [20]; and change in
disability status between baseline and postoperative day 0
measured by the WHO Disability Assessment Schedule
(WHODAS 2.0)[21].

Safety endpoints included postoperative complications
(including all cause infection and mortality). These were
assessed atthree time-points: on discharge from acute care;
and via telephone interviews on postoperative days 30 and
90. Complications were stratified by body system using
predetermined clinical and laboratory criteria (online
Supporting Information Appendix S2).

The sample size was derived from a re-analysis of the
observed difference of 2 days in DAOH90 in a similar cohort
of patients who were iron deficient and iron replete [22].
These data were collected retrospectively from one of the
participating hospitals [?]. Using 20,000 simulations in R
(version 3.4.0; R Project for Statistical Computing, Vienna,
Austria), we calibrated a lognormal distribution truncated at
90 days to generate days alive and at home with a median of
82 days and 5% zeros in the control group; a sample size
of 422 patients would have 80.5% power to detect a
between-group difference of medians of 2 days in the
primary outcome, allowing for 5% loss of follow-up and
using a two-sided significance level of 5%. The protocol
allowed for unequal recruitment to one or the other group
up to an enrolment ratio of 60:40 or 40:60. While we
recruited consecutive patients irrespective of iron status, we
planned to cease recruitment to one group if the number of
patients in one group exceeded 253 (60% of the planned
study cohort), with only patients with the converse iron
status recruited from that point forward.

Simultaneous quantile regression modelled DAOH90,
with 5000 bootstrap replications to obtain the difference in
medians between the iron-deficient and iron-replete
groups. The models included group membership and

recruiting institution alone (hereafter referred to as
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‘unadjusted’), and sex, Charlson comorbidity index, CR-
POSSUM, surgical approach (minimally invasive vs. open)
and requirement for neoadjuvant chemotherapy or
radiotherapy added subsequently (hereafter referred to as
‘adjusted’). These covariates, derived from our pilot study
and expert consensus within the multidisciplinary steering
committee, incorporating by extension the component
variables of the included risk prediction scores, account for
a range of patient and surgery-specific risk factors that alter
postoperative outcome. In addition, we obtained the
between-group differences in the 25th and 75th quantiles.

We analysed binary outcomes using logistic regression
to estimate odds ratios (OR). If the number of events in
either group was < 10, we used exact logistic or Firth's
logistic regression if the model failed to converge. We
analysed recovery from surgery (QoR-15) and haemoglobin
concentration using linear regression and adjusted for
baseline value where applicable. The change in functional
(EQ-5D-5L) and disability (WHODAS 2.0) status were
analysed similarly to the primary outcome and adjusted for
baseline value. We analysed time-to-event outcomes such
as duration of inpatient stay using a generalised y
accelerated failure time model with censoring at 30 days,
and time to first readmission using a Cox regression with
censoring at 90 days. For DAOH90, predefined subgroup
analyses were performed for sex (male or female),
C-reactive protein (<5mg.I" or >5mg.l™") and estimated
glomerular filtration rate (eGFR) (30-59 ml.min per
1.73m?, 60-89 ml.min"" per 1.73 m? and > 90 ml.min’’
per 1.73 m?) by adding a term for subgroup and interaction
between subgroup and group in the models. We also
explored heterogeneity in between-group effects for
pre-operative haemoglobin concentration within males and
females separately. Additional, prespecified analyses using
alternative definitions for iron deficiency were performed
for DAOH?0 and DAOH30, all cause postoperative
complication and requirement for allogeneic red blood cell
transfusion. The different definitions were suboptimal iron
stores (serum ferritin < 100 pg.l’1) [10]; iron-restricted
erythropoiesis (serum ferritin < 50 pg.I"") [23]; and absolute
iron deficiency (serum ferritin < 30 ug.I'") [24]. A post hoc
analysis for a common definition of functional iron
deficiency used in the peri-operative literature (serum
ferritin < 100 pg.I"" where TSAT < 20%) [25, 26] and specific
inpatient complications were also performed.

All analyses were performed unadjusted and adjusted
using the covariates specified above, with the iron-replete
group as the reference category. Provided the proportion of
missing data did not exceed 5% we performed a complete

case analysis with all eligible patients including all

non-missing data. A hierarchical testing procedure was
applied to the primary and key secondary outcome,
whereby the p value for DAOH30 was not presented if the
null hypothesis was not rejected for DAOH90 at the
two-sided 5% level of significance. All 95%Cls and p values
are two-sided and unadjusted for multiple testing. Analyses
were performed using Stata (version 16.1, StataCorp LP,
College Station, TX, USA).

Results

Overall, 1761 patients were assessed for eligibility between
7 May 2019 and 18 April 2023 (online Supporting
Information Figures S1 and S2) and we enrolled 423
patients. The last patient in the iron-replete group was
recruited on 17 April 2023, and the last patient with iron
deficiency was recruited on 18 April 2023. The last follow-up
was completed on 24 July 2023 (Fig. 1). Three patients were
excluded after enrolment: two were found to have
non-malignant disease and one had malignant disease not
affecting the colon or rectum (terminal ileum). Four (all iron
replete) were lost to follow-up between days 30 and 90.
Hence, 416 (98%) enrolled patients contributed data to the
primary endpoint analysis. Included in the analysis were
eight patients who received exogenous iron therapy in the
postoperative period and one male patient who had a
haemoglobin concentration of 129 g.l" on the day of
surgery having not had evidence of anaemia on
pre-operative screening.

The between-group baseline characteristics were well
balanced (Table 1; online Supporting Information Table S1);
170 (40%) patients were analysed in the iron-deficient
group and 250 (60%) in the iron-replete group. Additionally,
14 patients received neoadjuvant chemotherapy alone,
eight received neoadjuvant radiotherapy alone and 63
received both, with 48 patients diagnosed with metastatic
disease before surgery.

Pre-operative iron status established a median (IQR
[range]) of 9 (1-21 [0-131]) days before surgery (Table 1).
Iron status was assessed within 45 days of surgery in 406
(97%) patients. The baseline haemoglobin concentration
was slightly lower in the iron-deficient group relative to the
iron-replete group. Apart from serum ferritin and TSAT,
clinically significant between-group differences were not
noted. Intra-operative patient characteristics were similarly
well balanced (online Supporting Information Table S2).
The median (IQR [range]) duration of surgery was 215
(163-267 [30-539]) min, and nearly one-fifth of patients (78,
19%) required an open approach. Overall, 201 (48%)
patients underwent major surgery (isolated left- or right-

sided colectomy), 219 (52%) underwent complex major
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Figure 1 Study flow diagram. EPO, erythropoietin; TSAT, transferrin saturation. *Some patients assessed for eligibility and
thereafter excluded from the study met > 1 exclusion criteria. "Other reason’: patients who were not fluent in the same
language(s) as research staff; suspension of face-to-face enrolment during the COVID-19 pandemic; research staff not available
or missed by research staff; co-enrolment in an unsuitable clinical trial; or other, non-specified reason.

surgery (anterior resection or abdominoperineal resection)
and 134 (32%) had a stoma formed as part of their index
surgery. Notably, a lower proportion of patients in the iron-
deficient group had a stoma formed as part of their surgery
(47, 28% vs. 87, 35%). However, this difference was not
statistically significant(p = 0.14).

52

The median (IQR [range]) DAOH90 in the iron-deficient
group was 84.0 (80.7-85.9 [0-88.2]) days compared with a
DAOH®90 of 83.1 (IQR 78.7-85.1 [0-88.9]) days in the iron-
replete group (Table 2; Fig. 2). When the difference in
this reflected 0.91 (95%Cl
0.01-1.81, p = 0.047) more days spent at home in the iron-

medians was assessed,
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Table 1 Pre-operative patientand clinical characteristics. Values are median (IQR[range]), mean (SD) or number (proportion).

Age atenrolment; y
Sex; male
BMI; kg.m™
Ethnicity
White
Asian
Black (African or Caribbean)
Australian Aboriginal or Torres StraitIslander
Maori, Polynesian or Pacific Islander
Charlson Comorbidity Index 10-y mortality; %
Smoking status
Currentsmoker
Former smoker
Alcohol consumption per day; units
CR-POSSUM score 30-d mortality; %
Neoadjuvant therapy before surgery
None
Chemotherapy alone
Radiotherapy alone
Both chemotherapy and radiotherapy
Pre-existing medical conditions
Heartfailure
Previous myocardial infarction
Peripheral vascular disease
Chronic obstructive pulmonary disease
Diabetes mellitus
Metastatic solid tumour
Pre-operative laboratory parameters
Haemoglobin; g.I"
White blood cell count; x10%.I"
Platelet count; x10°.I"
Creatinine; pmol.I”
Albumin; g.I"
Ferritin; pg.I”’
Transferrin saturation; %
C-reactive protein; mg.|”
Estimated GFR; ml.min™' per 1.73 m?

Duration between pre-operative iron studies
and date of surgery; d

Atrial fibrillation or flutter
Baseline EQ-5D-5L
Baseline WHODAS 2.0

Iron deficient

n=170

63(54-70[29-98])
95(56%)
30.1(25.3-34.4[16.9-55.5])

166(98%)

2(1%)

1(1%)

0

1(1%)
53.4(2.2-77.5[0-90.1])

27 (16%),n =169
74(44%),n =169
0(0-1[0-10]),n=169
2.6(1.3-4.4[0.7-32.3])

137 (81%)
4(2%)
3(2%)
26(15%)

140(9.9)

7.6(2.3)

260(224-295)
74(65-87[39-166])
38(37-41[26-48]),n=163
62(31-128[3-995])
15(12-18[3-19))
3.3(1.8-7.0[0.2-123.5]), n =142
86(74-97[33-125])
11(2-23[0-130])

5(3%)
0.934(0.885-0.968[0.411-1.000])
4(2-13[0-52])

Ironreplete

n=250

64(54-70[22-91])

177 (71%)
28.0(24.9-31.9[16.7-48.6])

230(92%)

12(5%)

0

2(1%)

6(2%)
53.4(2.2-77.5[0-90.1])

38(15%)

115(46%)
1(0-2[0-301])
2.3(1.3-5.6[0.7-48.4])

198 (79%)
10(4%)
5(2%)
37(15%)

8(3%)
9 (4%)
10(4%)
17 (7%)

25(10%)

28(11%)

146(10.9)

6.8(2.0)

243(205-284)
78(66-89[41-162])
40(38-42[32-48]),n =243
124(73-225[2-1049]), n =249
27(23-34[20-57))
2.0(1.0-4.0[0-29.0]), n=201
87 (75-98[38-130])
7(0-20[0-104])

10(4%)
0.959(0.919-1.000[-0. 105-1.000])
4(2-10[0-77])

CR-POSSUM, Colorectal Physiological and Operative Severity Score for the Enumeration of Mortality and Morbidity; GFR, glomerular
filtration rate; WHODAS, World Health Organisation Disability Assessment Schedule.

©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists.
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Table 2 Primary and key secondary outcomes. Values are presented separately for the median and the 25th and 75th centiles,
and as difference in quantiles for each of the median and the 25th and 75th centiles (95%Cl).

Iron deficient  Ironreplete

Primary outcome

Days alive and athome atPOD90 n=170 n=246%

25th percentile 80.73 78.70

Median 83.96 83.06

75th percentile 85.86 85.09
Key secondary outcome

Days alive and athome atPOD30 n=170 n =250

25th percentile 22.18 19.92

Median 24.09 23.79

75th percentile 25.95 25.19

POD, postoperative day.

Unadjusted pvalue Adjusted difference  pvalue
difference in in quantiles (95%Cl)

quantiles (95%Cl)

2.19(-0.02-4.41) 0.053 1.65(-0.03-3.33) 0.054
0.91(0.01-1.81) 0.047 0.92(0.03-1.80) 0.042
0.88(0.17-1.59) 0.015 0.69(0.08-1.29) 0.027
1.74(0-3.48) 0.050 1.14(-0.33-2.61) 0.130
0.71(-0.13-1.55) 0.096 0.70(-0.05-1.46) 0.068
0.87(0.24-1.50) 0.007 0.64(0.05-1.23) 0.032

*1 patient withdrew from the study after POD 30 and 3 were lost to follow-up.

deficient group in the unadjusted analysis, and 0.92 (95%CI
0.03-1.80, p=0.042) more days in the adjusted analysis.
The upper limit of the 95%CI did not exceed 3 days (the
minimum difference identified by patients to be meaningful
to them) in either analysis [18]. No detectable differences
were seen between the groups for the key secondary
outcome, DAOH30 (adjusted difference in medians (95%)
0.70(-0.05-1.46) days).

No significant between-group differences were
observed for any secondary outcomes (Table 3). The
duration of index hospital stay was similar between
the groups, as was requirement for allogeneic red blood
cell transfusion and readmission to acute care. Twelve
patients required an allogeneic red blood cell transfusion,
with a range of 1-16 units being administered over the
course of the study depending on the clinical situation.
The mean haemoglobin concentration was lower in the
iron-deficient group relative to the iron-replete group on
both postoperative day 3 (adjusted mean difference
(95%Cl) -0.67 (-3.32-1.98) g.|'1) and at discharge from
hospital after the index admission (adjusted mean
difference (95%Cl) -0.28 (-3.08-2.51) g.I"), but this
difference was not clinically significant and not statistically
significant after adjustment for covariates. The adjusted
incidence of postoperative complications was not
significantly different between the groups (online
Supporting Information Table S3), nor was the incidence
of organ-specific complications including infection
(adjusted OR (95%Cl) 1.51 (0.87-2.63), p=0.15; online
Supporting Information Table S4).

Pre-specified unadjusted and adjusted subgroup

analyses for the primary outcome stratified by sex, C-

reactive protein concentration and eGFR rate did not show
any meaningful between-group differences (online
Supporting Information Table S5). Similarly, an exploratory
analysis of the interactions between iron status, sex and
haemoglobin concentration did not yield any significant
result (online Supporting Information Table Sé).

Unadjusted and adjusted sensitivity analyses for
DAOH90, all cause postoperative complications and
requirement for allogeneic red blood cell transfusion based
on alternative definitions of iron deficiency or suboptimal
iron stores (ferritin <30ug." vs. >30pg.l"; ferritin
<50pug.I"vs. > 50 ug.l”; ferritin < 100 ug.I" vs. > 100 ug.I";
and ferritin < 100pug." and TSAT <20% vs. ferritin
>100 pg.l'1 and/or TSAT > 20%) also showed no differences
between iron-deficient and iron-replete groups, with the
exception of a higher rate of allogeneic red blood cell
transfusion in the iron-deficient group when iron deficiency
was defined as ferritin < 30 pg.I"" (adjusted OR (95%Cl) 4.96
(1.43-17.14), p=0.011) (online Supporting Information
Tables S7-510).

Discussion

In this prospective, observational, multicentre study in
patients without anaemia undergoing elective colorectal
surgery we found that iron deficiency (TSAT < 20%) was
associated with more DAOH90 than an iron-replete state
(TSAT > 20%). We further explored different definitions of
iron deficiency and their associations with patient
outcomes. Overall, we found no differences in patient
complications, duration of stay, quality of recovery or
quality of life when assessed at 30 days and 90 days after

surgery for any other definition of iron deficiency.
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Figure 2 Frequency histogram for days alive and athome at
postoperative day 90. Red bars, iron-deficient group
(transferrin saturation < 20%); green bars, iron-replete
group (transferrin saturation > 20%).

However, patients with a pre-operative ferritin
concentration <30pg.I" did have a higher rate of
allogeneic red blood cell transfusion.

Over the last decade, non-anaemic iron deficiency has
been proposed as an independent disease entity that exists
on a continuum with iron deficiency anaemia [27]. In the
peri-operative setting, definitions of iron deficiency are
heterogeneous, encompassing absolute iron deficiency
(ferritin < 30 ug.|’1), functional iron deficiency (ferritin
< 100 pg.I"" where TSAT < 20% or TSAT < 20% in isolation)
and suboptimal iron stores (ferritin < 100 pg.I"" irrespective
of TSAT) [28]. Data from non-anaemic patients undergoing
cardiac surgery suggest that associations between
functional iron deficiency and suboptimal iron stores and
postoperative outcomes are tenuous, with no significant
between-group differences detected for any outcome other
than transfusion [8]; however, patients with ferritin < 30 pl
may be underrepresented in this cohort [29]. Data
examining postoperative outcomes in iron-deficient
patients undergoing major abdominal surgery are limited
to retrospective studies, most of which do not exclude
patients with anaemia [7, 13, 22]. Recently, data from large,
randomised trials of intravenous iron therapy to treat
anaemia before major abdominal surgery have shown rapid
increases in haemoglobin in response to therapy are limited
to patients with ferritin <30 pg.I"", with any haemoglobin
increment in patients with functional iron deficiency taking
weeks to become apparent [26]. These findings have
prompted the British Society of Haematology to redefine
pre-operative iron deficiency anaemia, stating that while
patients with ferritin < 30 pg.I™ are likely to benefit from pre-
operative treatment (grade 1B recommendation), patients

with ferritin 30-100 ug.I" and TSAT <20% only ‘may’
benefit(grade 2B recommendation) [24].

Our results provide high-quality evidence that could
allow similar recommendations to be made for the non-
anaemic population. First, we have shown that TSAT < 20%
is not associated with worse outcomes after colorectal
cancer surgery. While our results suggest that patients with
TSAT < 20% have a higher DAOH90, a causal interpretation
of this result is not tenable, and the possibility of
unmeasured (i.e. stoma formation) or residual confounding
cannot be excluded [30]. We are, however, confident that
our original hypothesis has not been proven. Second, we
have not shown any association between functional iron
deficiency or suboptimal iron stores and postoperative
outcomes. Accordingly, subsequent iterations of best
practice guidelines should consider whether these
definitions remain acceptable thresholds for treatment [10,
25]. Finally, we have shown that ferritin <30pug.l" is
associated with a higher rate of allogeneic red blood cell
transfusion. While future interventional trials could
foreseeably aim to treat ferritin <30pg.l”" in patients
without anaemia awaiting surgery for colorectal cancer,
using transfusion as the primary outcome and thereby
proving causality, such trials are probably not feasible for
several reasons, not least of which being that the incidence
of allogeneic red blood cell transfusion is generally low
when other patient blood management measures are
implemented [26]. A ferritin concentration <30 ug.I"" was
found in only 12% of patients in our study, and while the
observed effect size was relatively large, the Cls were wide.
Red blood cell transfusion in isolation is not a patient-
centred outcome metric.

Our study has several strengths. We recruited
prospectively, allowing accurate assessment of several
recommended patient-centred outcomes and health-
related quality of life scores [17]. Our study design was
robust, with a pre-published study protocol [9] and low
attrition rates and the study was conducted in several urban
and regional centres in two countries. Accordingly, our
results are generalisable to high-income settings. While all
observational studies are at some risk of bias, the covariates
in our statistical model were identified by a pilot study, and
included additional metrics suggested by a broad,
interdisciplinary  steering committee that included
anaesthetists, colorectal surgeons, haematologists and
patient representatives.

Our study also has limitations. Patients and clinicians
were not masked to the patient’s iron status. We selected
TSAT < 20% as our ‘primary’ definition of iron deficiency as

it has seen the greatest use in clinical trials of pre-operative
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Table 3 Othersecondary outcomes. Values are median (IQR [range]), number (proportion) or mean (SD).

Iron deficient Ironreplete

n=170 n=250
Duration of inpatient 6(4-7[2-60]) 6(4-9[1-45])
stay; d
Odds ratio
Allogeneic red blood 6(4%) 6(2%)
celltransfusion
Readmission to hospital 34(20%) 61(24%)
(n=167)
Successful RIOT within 63(89%), 75(95%),
90difeligible n=71 n=79
Mean difference
POD 3 QoR-15 100.3(25.7), 100.0(24.0),
n=163 n =249
Clinical laboratory evaluations*
POD 3 haemoglobin; 120.5(14.7), 125.7 (15.6),
gl n=167 n=246
Hospital discharge 122.0(15.3) 126.5(15.5)
haemoglobin; g.I'""
(n=168)
Difference in medians
EQ-5D-5L; change 0(-0.08-0.03 -0.01(-0.08-0.03
from baseline to POD [-0.69-0.47]), [-1.12-0.96])),

30*

WHODAS 2.0; change
from baseline to POD
908

0(-4-10[-27-81]),

n=139 n=221

0(-2-4[-73-96)),

Unadjusted p value Adjusted p value
estimate estimate
(95%Cl) (95%Cl)

0.92(0.83-1.02) 0.10 0.92(0.84-1.01) 0.09

1.22(0.40-3.71) 0.73 0.97(0.32-2.98) 0.96

0.77(0.47-1.26) 0.30 0.80(0.48-1.33) 0.39

0.35(0.09-1.35) 0.13 0.22(0.04-1.22) 0.08

1.80(-3.11-6.72) 0.47 1.26(-3.61-6.13) 0.61

-0.43(-3.17-2.30) 0.75 -0.67(-3.32-1.98) 0.62

-0.11(-2.98-2.75) 0.94 -0.28(-3.08-2.51) 0.84

0.01(-0.01-0.03) 0.52 0.01(-0.01-0.03) 0.51

0.87(-1.12-2.86) 0.39 0.57(-1.44-2.58) 0.58

RIOT, return to intended oncological therapy; POD, postoperative day; QoR-15, Quality of Recovery (QoR) 15; WHODAS, World Health

Organisation Disability Assessment Schedule.
“The model was adjusted for pre-operative values.

"™™edian hospital discharge was POD 6 and ranged between POD 1 (minimum)and POD 57 (maximum).
*Values (35/414, 8%) outside of a =14 day visit window were excluded to reflect quality of life at POD 30 accurately.
SValues (47/407, 12%) outside of a +14 day visit window were excluded to reflect quality of life at POD 90 accurately.

iron therapy [28], was supported by consensus
recommendations [25, 31] and was considered most likely
to encompass patients with both absolute and functional
iron deficiency. While we prespecified and performed
several sensitivity analyses based on different definitions of
iron deficiency, our results are only applicable to the
definitions we tested and the laboratory tests we used.
Other guidelines may use alternate tests of iron status such
as soluble transferrin receptor [32], proportion of
hypochromic red cells [33] and reticulocyte haemoglobin
concentration to determine iron status [34]. However, these
tests are not used routinely in most countries, and their
inclusion in the study design would have diminished the
feasibility, acceptability and ‘real-world’ applicability of
the study considerably. We included only patients
undergoing elective surgery; hence the results should be
applied cautiously to individuals undergoing inpatient or
emergency surgery for colorectal cancer. Eight patients

received postoperative iron in contravention of the study
protocol and 14 patients had their iron status assessed more
than 45 days before surgery; but these values were too
small to justify separate sensitivity analyses and are unlikely
to confound our results. The study was conducted in two
high income countries with a study cohort that was mostly of
White ethnicity; generalisability to low- and middle-income
countries and other ethnicities populations may therefore
be limited. Finally, the observational design and lack of an
intervention means we are not able to determine whether
administering exogenous iron to the iron-deficient group
would have changed the study outcome. Given the possible
signal for harm when TSAT >20%, we consider this
possibility unlikely. However, the increased rate of
transfusion in our study was seen when ferritin was defined
as < 30pg.I" and the results of a recent sub-study of the
PREVENTT trial, suggesting haemoglobin concentration
increments rapidly only when ferritin is <30pg.I" [26],
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support the extension of the recent British Society of
Haematology guidelines to patients without anaemia [24].

In summary, we have found that iron deficiency in
patients without anaemia (defined as TSAT < 20%) is
associated with more DAOH90 after elective colorectal
surgery when compared with patients who are iron replete.
However, we are reluctant to attribute causality to this
finding. Instead, we conclude that iron deficiency and
suboptimal iron stores do not appear associated with worse
outcomes in this population, except for those patients with
ferritin < 30pg.l", who have a higher incidence of
transfusion. We suggest iron deficiency be redefined as
ferritin  <30pg.l" in adult patients without anaemia
undergoing surgery for colorectal cancer. Validation of our
findings in different socio-economic and ethnic groups
should be considered.

Acknowledgements

We registered the study prospectively on the Australian
and New Zealand Clinical Trials Registry (ACTRN1261
8001997246). The study was funded by the Victorian
Medical
Research Foundation, Epworth Medical Foundation and

Research Acceleration Fund, Austin Medical

Vifor Pharma Pty. Ltd. The study received a grant from
Vifor Pharma as part of a matched funding agreement
with the Victorian Medical Research Acceleration Fund to
conduct this study. The funders of the study had no role
in study design, data collection, data interpretation or
writing or revision of the manuscript. Research data and
other material (e.g., study protocol, etc.) will be made

available to the scientific community by request
immediately on publication with as few restrictions as
possible. All requests for such material should be
submitted to the corresponding author for consideration.
Access to deidentified, individual patient data will be
provided to researchers who provide a methodologically
sound proposal likely to maximise the value of
subsequent analyses for the benefit of the participants
and the broader public. TR or his institution have received
grants, personal fees, and non-financial support from
Pharmocosmos and Vifor Pharma outside the submitted
work. LM is an Editor of Anaesthesia. No other competing
interests declared. Open access publishing facilitated by
The University of Melbourne, as part of the Wiley - The
University of Melbourne agreement via the Council of

Australian University Librarians.

References
1. Khanbhai M, Shah M, Cantanhede G, llyas S, Richards T. The
problem of anaemia in patients with colorectal cancer. ISRN

. National

Hematol 2014; 2014: 547914. https://doi.org/10.1155/2014/
547914.

Musallam KM, Tamim HM, Richards T, et al. Preoperative
anaemia and postoperative outcomes in non-cardiac surgery: a
retrospective cohort study. Lancet 2011, 378: 1396-407.
https://doi.org/10.1016/S0140-6736(11)61381-0.

Fowler AJ, Ahmad T, Phull MK, Allard S, Gillies MA, Pearse RM.
Meta-analysis of the association between preoperative anaemia
and mortality after surgery. Br J Surg 2015; 102: 1314-24.
https://doi.org/10.1002/bjs.9861.

Shander A, Hardy J-F, Ozawa S, et al. A global definition of
patient blood management. Anesth Analg 2022; 135: 476-88.
https://doi.org/10.1213/ANE.0000000000005873.

Musallam KM, Taher AT. Iron deficiency beyond erythropoiesis:
should we be concerned? Curr Med Res Opin 2018; 34: 81-93.
https://doi.org/10.1080/03007995.2017.1394833.

Al-Naseem A, Sallam A, Choudhury S, Thachil J. Iron deficiency
without anaemia: a diagnosis that matters. Clin Med (Lond) 2021;
21:107-13. https://doi.org/10.7861/clinmed.2020-0582.

Beale A, Penney M, Allison M. The prevalence of iron deficiency
among patients presenting with colorectal cancer. Color Dis
2005; 7: 398-402. https://doi.org/10.1111/j.1463-1318.2005.
00789 .x.

Peri V, Devlin P, Perry L, Richards T, Miles LF. Associations
between nonanemic iron deficiency and postoperative
outcomes in cardiac surgery: a systematic review and meta-
analysis. Anesth Analg 2024; 139: 47-57. https://doi.org/10.
1213/ANE.0000000000006822.

Miles LF, Pac Soo V, Braat S, et al. A protocol for a prospective,
multicentre observational study to determine if nonanaemic
iron deficiency worsens postoperative outcome in patients
undergoing elective surgery for resection of colorectal cancer:
the NATO study. Color Dis 2023; 25: 315-25. https://doi.
org/10.1111/codi.16371.

Blood Authority. Perioperative Patient Blood
Management Guidelines: Module 2. 2012. https://www.blood.
gov.au/module-2-perioperative-patient-blood-management-
guidelines (accessed 11 August 2024).

. World Health Organization. Guideline on Haemoglobin Cutoffs

to Define Anaemia in Individuals and Populations. 2024.
https://www.who.int/publications/i/item/9789240088542
(accessed 11 August 2024).

. von Elm E, Altman DG, Egger M, Pocock SJ, Getzsche PC,

Vandenbroucke JP, for the STROBE |Initiative. The
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) statement: guidelines for reporting
observational studies. PLoS Med 2007; 4: e296. https://doi.
org/10.1371/journal.pmed.0040296.

. Wilson MJ, Dekker JWT, Harlaar JJ, Jeekel J, Schipperus M,

Zwaginga JJ. The role of preoperative iron deficiency in
colorectal cancer patients: prevalence and treatment. Int J
Color Dis 2017; 32: 1617-24. https://doi.org/10.1007/s00384-
017-2898-1.

. Talboom K, Borstlap WAA, Roodbeen SX, et al. Ferric

carboxymaltose infusion versus oral iron supplementation for
preoperative iron deficiency anaemia in patients with colorectal
cancer (FIT): a multicentre, open-label, randomised, controlled
trial. Lancet Haematol 2023; 10: e250-60. https://doi.org/10.
1016/52352-3026(22)00402-1.

. Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method

of classifying prognostic comorbidity in longitudinal studies:
development and validation. J Chronic Dis 1987; 40: 373-83.
https://doi.org/10.1016/0021-9681(87)90171-8.

. Tekkis PP, Prytherch DR, Kocher HM, Senapati A, Poloniecki JD,

Stamatakis JD, Windsor ACJ. Development of a dedicated risk-
adjustment scoring system for colorectal surgery (colorectal
POSSUM). Br J Surg 2004; 91: 1174-82. https://doi.org/10.
1002/bjs.4430.

©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists. 57


https://doi.org/10.1155/2014/547914
https://doi.org/10.1155/2014/547914
https://doi.org/10.1016/S0140-6736(11)61381-0
https://doi.org/10.1016/S0140-6736(11)61381-0
https://doi.org/10.1016/S0140-6736(11)61381-0
https://doi.org/10.1016/S0140-6736(11)61381-0
https://doi.org/10.1016/S0140-6736(11)61381-0
https://doi.org/10.1002/bjs.9861
https://doi.org/10.1213/ANE.0000000000005873
https://doi.org/10.1080/03007995.2017.1394833
https://doi.org/10.7861/clinmed.2020-0582
https://doi.org/10.7861/clinmed.2020-0582
https://doi.org/10.7861/clinmed.2020-0582
https://doi.org/10.1111/j.1463-1318.2005.00789.x
https://doi.org/10.1111/j.1463-1318.2005.00789.x
https://doi.org/10.1111/j.1463-1318.2005.00789.x
https://doi.org/10.1111/j.1463-1318.2005.00789.x
https://doi.org/10.1213/ANE.0000000000006822
https://doi.org/10.1213/ANE.0000000000006822
https://doi.org/10.1111/codi.16371
https://doi.org/10.1111/codi.16371
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.blood.gov.au/module-2-perioperative-patient-blood-management-guidelines
https://www.who.int/publications/i/item/9789240088542
https://doi.org/10.1371/journal.pmed.0040296
https://doi.org/10.1371/journal.pmed.0040296
https://doi.org/10.1007/s00384-017-2898-1
https://doi.org/10.1007/s00384-017-2898-1
https://doi.org/10.1007/s00384-017-2898-1
https://doi.org/10.1007/s00384-017-2898-1
https://doi.org/10.1007/s00384-017-2898-1
https://doi.org/10.1007/s00384-017-2898-1
https://doi.org/10.1007/s00384-017-2898-1
https://doi.org/10.1007/s00384-017-2898-1
https://doi.org/10.1016/S2352-3026(22)00402-1
https://doi.org/10.1016/S2352-3026(22)00402-1
https://doi.org/10.1016/S2352-3026(22)00402-1
https://doi.org/10.1016/S2352-3026(22)00402-1
https://doi.org/10.1016/S2352-3026(22)00402-1
https://doi.org/10.1016/S2352-3026(22)00402-1
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1002/bjs.4430
https://doi.org/10.1002/bjs.4430

Anaesthesia 2025, 80, 48-58

Miles etal. | Non-anaemiciron deficiency in colorectal cancer surgery

17. Haller G, Bampoe S, Cook T, et al. Systematic review and
consensus definitions for the Standardised Endpoints in
Perioperative Medicine initiative: clinical indicators. Br J
Anaesth 2019; 123: 228-37. https://doi.org/10.1016/].bja.
2019.04.041.

18. Ferguson MT, Kusre S, Myles PS. Minimal clinically important
difference in days at home up to 30days after surgery.
Anaesthesia 2022; 77: 196-200. https://doi.org/10.1111/anae.
15623.

19. Stark PA, Myles PS, Burke JA. Development and psychometric
evaluation of a postoperative quality of recovery score: the
QoR-15. Anesthesiology 2013; 118: 1332-40. https://doi.
org/10.1097/ALN.0b013e318289b84b.

20. Herdman M, Gudex C, Lloyd A, et al. Development and
preliminary testing of the new five-level version of EQ-5D (EQ-
5D-5L). Qual Life Res 2011; 20: 1727-36. https://doi.org/10.
1007/s11136-011-9903-x.

21. Shulman MA, Myles PS, Chan MTV, Mcllroy DR, Wallace S,
Ponsford J. Measurement of disability-free survival after
surgery. Anesthesiology 2015; 122: 524-36. https://doi.
org/10.1097/ALN.0000000000000586.

22. Miles LF, Sandhu RNS, Grobler AC, Heritier S, Burgess A,
Burbury KL, Story DA. Associations between non-anaemic iron
deficiency and outcomes following surgery for colorectal
cancer: an exploratory study of outcomes relevant to
prospective observational studies. Anaesth Intensive Care 2019;
47:152-9. https://doi.org/10.1177/0310057X19838899.

23. GalettiV, Stoffel NU, Sieber C, Zeder C, Moretti D, Zimmermann
MB. Threshold ferritin and hepcidin concentrations indicating
early iron deficiency in young women based on upregulation of
iron absorption. EClinicalMedicine 2021; 39: 101052.
https://doi.org/10.1016/j.eclinm.2021.101052.

24. HandsK, Daru J, Evans C, et al. Identification and management
of preoperative anaemia in adults: a British Society for
Haematology guideline update. Br J Haematol 2024; 205: 88—
99. https://doi.org/10.1111/bjh.19440.

25. Mufoz M, Acheson AG, Auerbach M, et al. International
consensus statement on the peri-operative management of
anaemia and iron deficiency. Anaesthesia 2017; 72: 233-47.
https://doi.org/10.1111/anae.13773.

26. Richards T, Miles LF, Clevenger B, et al. The association
between iron deficiency and outcomes: a secondary analysis of
the intravenous iron therapy to treat iron deficiency anaemia in
patients undergoing major abdominal surgery (PREVENTT)
trial. Anaesthesia 2023; 78: 320-9. https://doi.org/10.
1111/anae.15926.

27. Pratt JJ, Khan KS. Non-anaemic iron deficiency — a disease
looking for recognition of diagnosis: a systematic review. Eur J
Haematol 2015; 96: 1-11. https://doi.org/10.1111/ejh.12645.

28. Lederhuber H, Massey LH, Abeysiri S, et al. Preoperative
intravenous iron and the risk of blood transfusion in colorectal
cancer surgery: meta-analysis of randomized clinical trials. Br J
Surg 2024; 111: znad320. https://doi.org/10.1093/bjs/znad320.

29. Miles LF, Pac Soo V, Braat S, et al. Associations between non-
anaemic iron deficiency and outcomes following elective
cardiac surgery (IDOCS): a prospective cohort study. Lancet
Haematol 2022; 9: €514-22. https://doi.org/10.1016/52352-
3026(22)00142-9.

30. Dahabreh 1J, Bibbins-Domingo K. Causal inference about the
effects of interventions from observational studies in medical
journals. JAMA 2024; 331: 1845-53. https://doi.org/10.
1001/jama.2024.7741.

31. Fletcher A, Forbes A, Svenson N, Wayne TD. Guideline for the
laboratory diagnosis of iron deficiency in adults (excluding
pregnancy) and children. Br J Haematol 2022; 196: 523-9.
https://doi.org/10.1111/bjh.17900.

32. Infusino |, Braga F, Dolci A, Panteghini M. Soluble
transferrin receptor (sTfR) and sTfR/log ferritin index for the
diagnosis of iron-deficiency anemia: a meta-analysis. Am J
Clin  Pathol 2012; 138: 642-9. https://doi.org/10.1309/
AJCP16NTXZLZFAIB.

33. Thomas DW, Hinchliffe RF, Briggs C, Macdougall IC, Littlewood
T, Cavill I. Guideline for the laboratory diagnosis of functional
iron deficiency. Br J Haematol 2013; 161: 639-48. https://doi.
org/10.1111/bjh.12311.

34. Thomas C, Thomas L. Biochemical markers and hematologic
indices in the diagnosis of functional iron deficiency. Clin Chem
2002;48:1066-76.

Supporting Information
Additional supporting information may be found online via
the journal website.

Appendix S1. Participating sites and investigators.
Appendix S2. Study recruitment.

Figure S1. Cumulative recruitment.

Figure $2. Recruitment by month.

Table S1. All collected pre-operative patient demographic
and clinical characteristics.

Table S2. Intra-operative patient characteristics.

Table S3. Specific inpatient complications and subsequent
hospital admissions.

Table S4. Postoperative complications.

Table S5. Difference in median days alive and at home on
postoperative day 90 in prespecified subgroups.

Table S6. Exploratory analyses for effects of different strata
of haemoglobin concentration on days alive and at home on
postoperative day 90.

Table S7. Sensitivity analyses for ferritin < 100 pg.I"" and
>100 pg.I™.

Table S8. Sensitivity analyses for ferritin <50 pug.l”" and
>50pug.l™".

Table S9. Sensitivity analyses for ferritin <30 pg.l”" and
>30pg.l".

Table $10. Sensitivity analyses for ferritin < 100 pg.I"" and
TSAT < 20% vs. ferritin > 100 pg.l"! or TSAT > 20%.

58 ©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists.


https://doi.org/10.1016/j.bja.2019.04.041
https://doi.org/10.1016/j.bja.2019.04.041
https://doi.org/10.1111/anae.15623
https://doi.org/10.1111/anae.15623
https://doi.org/10.1097/ALN.0b013e318289b84b
https://doi.org/10.1097/ALN.0b013e318289b84b
https://doi.org/10.1007/s11136-011-9903-x
https://doi.org/10.1007/s11136-011-9903-x
https://doi.org/10.1007/s11136-011-9903-x
https://doi.org/10.1007/s11136-011-9903-x
https://doi.org/10.1007/s11136-011-9903-x
https://doi.org/10.1007/s11136-011-9903-x
https://doi.org/10.1007/s11136-011-9903-x
https://doi.org/10.1007/s11136-011-9903-x
https://doi.org/10.1097/ALN.0000000000000586
https://doi.org/10.1097/ALN.0000000000000586
https://doi.org/10.1177/0310057X19838899
https://doi.org/10.1016/j.eclinm.2021.101052
https://doi.org/10.1111/bjh.19440
https://doi.org/10.1111/anae.13773
https://doi.org/10.1111/anae.15926
https://doi.org/10.1111/anae.15926
https://doi.org/10.1111/ejh.12645
https://doi.org/10.1093/bjs/znad320
https://doi.org/10.1016/S2352-3026(22)00142-9
https://doi.org/10.1016/S2352-3026(22)00142-9
https://doi.org/10.1016/S2352-3026(22)00142-9
https://doi.org/10.1016/S2352-3026(22)00142-9
https://doi.org/10.1016/S2352-3026(22)00142-9
https://doi.org/10.1016/S2352-3026(22)00142-9
https://doi.org/10.1001/jama.2024.7741
https://doi.org/10.1001/jama.2024.7741
https://doi.org/10.1111/bjh.17900
https://doi.org/10.1309/AJCP16NTXZLZFAIB
https://doi.org/10.1309/AJCP16NTXZLZFAIB
https://doi.org/10.1111/bjh.12311
https://doi.org/10.1111/bjh.12311

	Outline placeholder
	 Summary
	 Introduction
	 Methods
	 Results
	 Discussion
	 Acknowledgements
	 References
	Supporting Information
	 


