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Abstract: (1) Background: Current diagnosis of anemia in high altitude populations uses an ad-
justment of observed hemoglobin (Hb) values. Such an approach has been challenged by findings
in different populations in Tibet, Ethiopia and the Andes as inappropriate, as it might incorrectly
classify an individual with complete iron stores as anemic. We aimed to assess the suitability of this
approach in adult men and women from Cusco, Peru (3400 m); (2) Methods: Complete blood count
and iron status biomarkers were measured in 345 subjects (189 females and 156 males), iron status
biomarkers were quantified with enzyme-linked immunoassays; (3) Results: Anemia prevalence was
overestimated when the altitude-adjustment factor was applied. Hematological parameters were
better correlated to iron status biomarkers in the non-adjusted anemia category. When stratified by
sex, only women showed a significant association between Hb and other hematological parameters
with iron storage and availability (Hepcidin and TFR-F); (4) Conclusion: The prevalence of anemia is
overestimated with current guidelines. The rate of anemia using non-adjusted Hb values is more
closely related to the rates of anemia or iron deficiency when used hematological parameters, markers
of iron status, and measurements of hepcidin and erythropoietin. Sex differences related to iron
status were observed, suggesting that men are at a higher risk of iron overload than women at high
altitudes. It could be highlighted that a personalized approach is important when assessing a subject,
taking in to account hematological parameters as well as origin (Southern Andean or other).

Keywords: anemia; high altitude; iron deficiency; iron status; iron overload

1. Introduction

Anemia is still considered a major burden on public health worldwide. It is estimated
that around 1.96 to 2.2 billion people are diagnosed with anemia [1,2]. The marker to
diagnose anemia is hemoglobin (Hb) measurement, but it is highly affected by several
factors including sex, age, altitude of residence and pregnancy, among others. However,
it has been suggested that whilst Hb alone cannot identify the underlying cause of ane-
mia; in combination with other measurements, Hb concentration can provide important
information about the severity of iron deficiency (ID) [3].
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Automated red blood count (RBC) has been suggested as a better diagnostic method
for anemia [4]; however, not all centers worldwide have this system available. Then, this
technique is not suitable for point-of-care testing, particularly in low to middle-income
countries. Automated RBC allows obtaining simultaneously different corpuscular indexes
to be used for the assessment of anemia.

Subjects living at high altitudes show an increase in hemoglobin concentration as
a compensatory mechanism to cope with low barometric pressure. Considering these
elevated Hb levels in people living at different altitudes, the World Health Organization
(WHO) has recommended adjusting the Hb cut-off value of 1000 m of altitude to define
anemia [5]. With this correction, the prevalence of anemia increases substantially. Sev-
eral authors have criticized this correction and some suggest changing the adjustment
particularly at altitudes over 3000 m [6], whereas others suggest not adjusting Hb by
altitude [7].

High Hb/hematocrit (Hct), as happens in excessive erythrocytosis, increases the risk of
thrombosis [8] but also has an associated increased blood viscosity [9]. After Hb adjustment,
its concentration in these cases is reduced but the effect on thrombosis and hyperviscosity
is maintained intact but despite that, we are diagnosing after mathematical criteria that
excessive erythrocytosis is lower than occurs.

No studies related to excessive erythrocytosis used the adjustment of Hb by altitude.
A subject at 4500 m with Hb = 22 g/dL (Excessive erythrocytosis) after correction will have
a corrected Hb of 17.5 g/dL (normal Hb). This subject with and without correction of Hb
by altitude has hyperviscosity and high risk for disease. Both hyperviscosity and high
Hb concentration contribute to reduced flow-mediated dilation in high altitude excessive
erythrocytosis [10].

Another problem with the altitude adjustment is that it assumes that high altitude
populations are similar in terms of adaptation. This is a major shortcoming of the WHO
recommendation since it has been shown that populations living at the same high altitude
(HA) but with different multi-generational times show different Hb values despite being
exposed to the same degree of environmental hypoxia. The clearest example is the situation
in Tibet in which the Aboriginal population living there for over 25,000 years has decreased
Hb concentration in comparison to the Han ethnic population living in the same place for
no more than 70 years since Tibet was annexed to China [11].

In the Andean region, it has been observed that populations living in the South, close
to the Altiplano-Collao Plateau, have more antiquity living at high altitudes than those
from the central Andes [12,13]. Hb concentrations are lower than in their counterparts in
the Central Andes. In these populations, the adjustment of Hb by altitude results in the
highest prevalence of anemia in children and pregnant women with values bordering 70%
in children under 5 [7,14,15]. Meanwhile, there is a lack of anemia prevalence data for the
adult male population because the Peruvian Demographic and Health Survey (DHS) does
not address this population.

Most of the studies in the Southern Andes have been developed in Puno, Peru, and in
the highlands of Bolivia [13,16–18]. Cusco is another population located in the Southern
Andes; at 3400 m above sea level. The city of Cusco is the cradle of the Inca empire that
developed at its best between the 14th and 16th centuries. Neonates from Cusco have a
similar pulse oxygen saturation at the first minutes of birth than at sea level [19], whereas
neonates from the central Andes have lower pulse oxygen saturation than at sea level [20].
Authors suggest that the population from Cusco is more adapted than those from the
central Andes.

Sanger sequencing determined that single-nucleotide polymorphisms in endothelial
PAS domain 1 (EPAS1) and egl nine homolog 1 (EGLN1), associated with lower hemoglobin
in Tibetans, were not identified in Andeans. The non-G/G genotypes of SENP1 appeared
to differentiate individuals with chronic mountain sickness (CMS) from healthy Andean
highlanders [21].
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Genes encoding for peroxisome proliferator-activated receptor (PPAR) subunits α and
γ have been proposed as candidate genes for HA adaptation. N-acylethanolamides (NAEs)
are endogenous fatty acid substances that bind to PPAR-α and -γ. Subjects with higher
NAE values were those with higher Hb concentration and lower pulse oxygen saturation at
HA [22]. It is probable that mutation in the genes encoding PPAR could be explaining low
Hb concentrations observed at the Southern Andes in Peru compared to those measured at
the highlands in the central Andes.

Sarna et al. showed that the altitude correction in adult populations from Ethiopia or
Tibet increases the prevalence of anemia even when these subjects were iron sufficient, with
normal levels of Vitamin B12 and folates and without any signs of inflammation [23,24].

We have observed in the Southern Andes that the use of uncorrected Hb has a better
area under the receiver operating characteristic (ROC) curve (AUC) than using corrected
Hb when ID was defined using serum ferritin [25] or total body iron (TBI) [26].

In addition, using corrected Hb, we showed in Puno in the Peruvian southern Andes
that only 22% of the cases of anemia were attributable to ID and 27.8% to inflammatory
causes. Then, 50.23% of the cases of anemia were attributable to other reasons, and/or that
diagnosis was inaccurate [27]. No hereditary diseases have been described in the Peruvian
highland population nor is the deficiency of the other micronutrients enough to increase
the anemia prevalence by such magnitude.

However, to date, no study associating hematological markers of the automated red
blood cells (RBCs) with iron status markers such as serum ferritin (SF), soluble transferrin
receptor (sTfR), hepcidin, and erythropoiesis-regulating hormones such as erythropoietin
(EPO) in adult populations living at HA with and without hemoglobin adjustment for
altitude has been published.

This is important, since the programs to reduce anemia worldwide are based on iron
supplementation. The measurement of only Hb, as occurs in almost all the countries, is
insufficient to determine iron deficiency. Serum ferritin is the marker of the iron stored in
the organism and low values are assessed to determine ID. When SF continues lowering,
then anemia is also observed. As serum ferritin is an acute-phase protein, its serum
levels are noticeably increased by iron overload and systemic inflammation [28]. The sTfR
concentration is an indicator of functional ID that is not an acute-phase reactant.

The sTfR levels are decreased in situations characterized by diminished erythropoietic
activity and are increased when erythropoiesis is stimulated by hemolysis or ineffective
erythropoiesis. Elevated sTfR levels are also the characteristic feature of functional ID, a
situation defined by tissue iron deficiency despite adequate iron stores but also indicate
accelerated erythropoiesis due to elevated erythropoietin that occurs in an anemic indi-
vidual [29]. However, it is also increased during continuous and intermittent exposure to
hypoxia [30]. The situation in natives at high altitudes is unknown.

Iron status assessment in the National Health and Nutrition Examination Survey
(NHANES) in the United States of North America has used the total body iron stores (TBI)
model, in which the log ratio of sTfR to SF is assessed. Together, sTfR and SF concentrations
cover the full range of iron status. The TBI model better predicts the absence of bone marrow
iron than SF concentration alone and TBI can be analyzed as a continuous variable [31].
The iron content in hemoglobin is not included in the calculation of the TBI.

Nearly two-thirds of the body iron are found in the circulating red blood cells (RBCs)
as a part of hemoglobin, with the remaining iron present in the storage form (bone marrow,
liver, macrophages, etc.), myoglobin, and many enzymes involved in various physiological
functions [32]. At HA, an increase in hemoglobin concentration is observed in response to
the low environmental pressure. Previous data showed that TBI and serum hepcidin levels
were similar at low altitudes (LA) and HA [33].

ID is defined when a deficit in circulating iron is observed. ID may be absolute (AID)
when iron stores and circulating iron are reduced, or functional (FID) when circulating
iron is reduced, while stores are preserved or increased [34]. The FID has been associated
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mainly with an elevation of inflammatory markers and anemia. Stores being increased may
result in iron overload in the tissues, generating oxidative stress and disease [35].

Ideally, the gold standard for absolute iron deficiency is the measurement of bone
marrow iron content. This method is invasive and rarely performed for population samples.
For this reason, a full blood count can indicate anemia (based on Hb level), and the
distribution of size (red cell distribution width, RDW), mean size (mean corpuscular
volume, MCV), and Hb concentration (mean corpuscular hemoglobin, MCH) of red blood
cells. In cases with low iron availability for erythropoiesis, RDW is increased and MCV
and MCH are decreased. At the population level, high iron availability results in a slight
increase in Hb, MCV, and MCH [36].

In a multivariable linear regression analysis, lower iron parameters remained inde-
pendently associated with lower hemoglobin, MCV, MCH, and MCHC, and with higher
RDW [37]. No studies associate these hematological markers with markers of iron status at
HA.

Hepcidin, a hormone produced in the liver, is the main regulator of iron status. A
suppressed hepcidin value is associated with ferritin levels, acute hypoxic exposure, and
anemia [36].

Decreased levels of hepcidin are considered to cause iron overload [38]. Among the
primary iron overload conditions, the most common is HFE-related hemochromatosis,
which results from homozygosity for a mutation leading to the C282Y substitution in
the HFE protein. In this disease, the expression of the iron regulatory hormone hepcidin
is reduced, leading to increased dietary iron absorption and iron deposition in multiple
tissues [39].

However, the situation in an HA-dwelling population is different since steady-state
hypoxia in which erythropoietic drive is stable results in serum hepcidin levels similar to
values observed at LA [33].

The present study attempts to determine if an altitude adjustment is needed for Hb by
comparing groups diagnosed with anemia with and without said adjustment in adult men
and women living in Cusco at 3400 m above sea level.

2. Materials and Methods
2.1. Setting and Design

This was a cross-sectional study carried out in Cusco city, Peru (3400 MASL). Recruit-
ment took place between May 2019 and March 2020. Subjects were invited to participate
through advertisements in public areas such as markets and main squares; senior indi-
viduals were recruited in elderly rest-homes. They were recruited if they fulfilled the
following criteria: male or female over 18 years old, being born in the city of Cusco and
living permanently there, and not having any chronic health conditions. Pregnant women
were not recruited nor were participants taking iron supplementation.

2.2. Enrolment and Variables Measured

After signing the informed consent form, eligible participants were sized, weighted
and their waist circumference was measured. Finger index pulse oxygen saturation (SpO2)
and blood pressure was measured as well before blood sampling. The participants filled
a sociodemographic questionnaire related to their occupation, mother tongue, education
level, and civil status. The second questionnaire was the chronic mountain sickness (CMS)
or Qinghai score [40], which records clinical signs of CMS such as paresthesia, cyanosis,
tinnitus, headaches, and sleep disturbances. The questionnaire records their presence
and severity with scores from zero to three for each clinical sign. Furthermore, the score
considers the presence of excessive erythrocytosis (EE, Hb ≥ 21 g/dL in men and ≥19 g/dL
in women) with a three-point score if it is present.
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2.3. Sampling and Laboratory Analyses

Blood samples were drawn at fasting by trained personnel using the Vacutainer system.
Two tubes were collected from each participant, one for the immediate measurement of
hematological markers using an automated analyzer, and the other one was centrifuged; the
serum was collected and stored at −40 ◦C for other biomarker measurements. The following
hematological markers were included: red blood cell (RBC) counts, mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC), and red cell distribution width (RDW)-coefficient of variation
(CV). Commercial enzyme-linked immunoassay kits (DRG, GmBh, Germany) were used
to quantify hepcidin (ng/mL), ferritin (ng/mL), soluble transferrin receptor (ug/mL),
erythropoietin (mU/mL) and interleukin-6 (pg/mL).

The Hb adjustment for altitude was performed using the following equation.
Hb adjustment (g/dL) = −0.032 × (altitude × 0.0032808) + 0.022 × (altitude ×

0.0032808)2 [41]. For Cusco, the adjustment is 2.4 g/dl which should be subtracted from
the measured value.

Mild anemia was defined as Hb = 11–12.9 g/dL and 10–11.9 g/dL, moderate anemia
as Hb = 8–10.9 g/dL and 7–9.9 g/dL, and severe anemia as Hb = <8 g/dL and <7 g/dL in
men and women respectively.

TFR-F was calculated as the ratio sTfR/log ferritin. TFR-F index < 1 excluded iron
deficiency if serum ferritin is normal [42]. TFR-F index was not altered by inflammation in
the adult population [43].

The sTFR-ferritin index is a more robust noninvasive index of systemic iron stores
than serum ferritin, as it adjusts for the effects of inflammation [44].

IL-6 measured in healthy donors ranged from 0 to 43.5 pg/mL [45]. The same study
showed that IL-6 increases with age. Another study considers as normal values from 0 to
40 pg/mL [46]. Age was also a factor in increasing IL-6 levels. In the present study, IL-6
levels were not correlated with the TFR-F index (p-value = 0.57) (Figure 1).
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Figure 1. Correlation between serum interleukin-6 (IL-6) levels and Transferrin Receptor-Ferritin
Index in adult subjects from Cusco, Peru at 3400 m above sea level.

2.4. Statistical Analyses

Data are presented as mean ± standard deviation or percentage (%). Two-tailed,
independent samples t-tests were compared biological characteristics, red blood cell and
iron parameters between subjects diagnosed as adjusted anemia compared with those
defined as iron sufficient without inflammation (TFR-F index < 1.0 and IL-6 < 50 pg/mL).
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ANOVA was used when more than two groups were compared. A chi-square test
was used to assess differences between categorical variables (proportion of IDA, low MCV,
low MCH, elevated IL-6, anemia, and adjusted anemia). Anemia and its severity were
defined according to the WHO guidelines (<12 g/dL for women and <13 g/dL for men) [5].
Low MCV was defined as values below 80 fL, while low MCH was defined when values
were <27 pg/mL [47]. We further created a variable with the latter two variables to define
subjects with both low MCV and low MCH. Total body iron was calculated using the
following equation [18].

TBI (mg/kg) = −[log10 (sTfR × 1000/ferritin) − 2.8229] ÷ 0.1207. (1)

Iron deficiency was defined using the soluble transferrin receptor-ferritin index with a
cut-off value of >2 [42]. Correlation plots are presented with their correlation coefficient
and p values. For comparison a subsample considered as healthy defined as iron sufficient
(TFR-F index<1), IL-6 levels <50 pg/mL was assessed. The qualitative descriptor used to
describe effect size was Cohen’s d. Differences between the two samples were defined as
a small effect size with a value of 0.2–<0.5; a medium effect size when d = 0.5–<0.8 and
a large effect size when d ≥ 0.8. For correlations, small effect size when r = (±) 0.1–<0.3;
medium when 0.3–<0.5 and large when 0.5–1.0

A p-value of ≤0.05 denoted statistical significance.

3. Results

General characteristics of the total sample and grouped by sex are presented in Table 1.

Table 1. Characteristics of the sample studied in Cusco (3400 m) by sex.

Characteristics Men (156) Women (189) Overall (345)

Age (years) 46.23 [16.86] 44.80 [14.42] 45.42 [15.59]
BMI (kg/m2) 26.27 [4.12] 27.37 [4.95] 26.91 [4.64]
SBP (mm Hg) 118.40 [14.36] 117.65 [14.97] 117.97 [14.67]
DBP (mm Hg) 75.76 [9.49] 75.20 [12.09] 75.44 [10.96]

SpO2 (%) 91.51 [3.12] 91.06 [3.16] 91.25 [3.16]
Hb (g/dL) 17.29 [0.99] 15.35 [1.09] 16.23 [1.48]

Adjusted Hb (g/dL) 14.79 [0.99] 12.85 [1.09] 13.73 [1.48]
Hematocrit (%) 50.21 [3.24] 45.14 [2.88] 47.42 [3.89]

RBC (*106) 5.458 [0.362] 4.948 [0.316] 5.177 [0.427]
MCV (fL) 91.93 [3.24] 90.85 [6.32] 91.34 [5.19]
MCH (pg) 31.72 [1.15] 31.14 [2.06] 31.41 [1.67]

MCHC (g/dL) 34.47 [0.62] 34.29 [2.75] 34.38 [2.04]
RDW-CV (%) 12.09 [0.49] 12.10 [0.69] 12.09 [0.74]
Reticulocytes 1.28 [0.37] 1.30 [0.27] 1.29 [0.37]

CMS score 2.57 [2.62] 3.84 [3.29] 3.28 [2.97]
Data are mean [SD]. BMI: Body mass index, SBP: Systolic blood pressure, DBP: Diastolic blood pressure, SpO2:
Pulse oxygen saturation, RBC: Red blood cell, MCV: Mean corpuscular volume, MCH: Mean corpuscular
hemoglobin (pg), MCHC: Mean corpuscular hemoglobin concentration (g/dL), RDW: Red cell distribution
width—CV (coefficient of variation). Hb: Hemoglobin. Bold values represent statistical significance.

In Table 2, data related to iron status markers and values of EPO are presented.
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Table 2. Iron status markers and erythropoietic hormones by sex.

Biological Variable Men (156) Women (189) Overall (345)

Ferritin (ng/mL) 50.0 [45.71] 24.43 [21.82] 36.48 [37.32]
sTfR (ug/mL) 1.13 [0.37] 1.10 [0.41] 1.11 [0.37]
TFR-F index 0.77 [0.37] 0.91 [0.41] 0.85 [0.55]

Total Body Iron
(mg/Kg) 11.19 [2.99] 9.05 [2.74] 10.06 [2.97]

Hepcidin (ng/mL) 16.41 [12.36] 11.20 [8.65] 13.65 [10.77]
Erythropoietin

(mIU/mL) 9.39 [5.87] 10.53 [7.14] 9.99 [6.49]

Data are mean [SD]. TFR-F index = sTfR/log. Ferritin.

In high-altitude adult subjects, the correlations between hematological parameters and
TFR-F Index were different between men and women. A negative correlation was observed
between Hb, MCV, and MCH with TFR-F Index in women but not in men. RDW-CV
correlated positively with TFR-F Index in women but not in men (Figure 2). Similarly, Hb,
Htc, and MCV correlated with log hepcidin in women but not in men. However, the TFR-F
index correlated significantly and negatively with log hepcidin in both men and women
(Figure 2).
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Table 4. Iron deficiency anemia, low MCV, MCH, MCV + MCH, and elevated serum IL-6 levels in 
adult subjects from Cusco (3400 m) classified with anemia or altitude-adjusted anemia. 

 Anemia (2) Adjusted Anemia (21) 
IDA 0/2 (0%) 0/21 (0%) 

TFR-F Index   
<1 1/2 (50%) 13/21 (61.9%) 
1–2 1/2 (50%) 5/21 (23.8%) 

Figure 2. Correlation matrix between hematological parameters and sTfR/Ferritin index and Log
Hepcidin in (A) women and (B) men from Cusco (3400 masl). Values shown are the Pearson coefficient.
* p < 0.05, ** p < 0.01, *** p < 0.001.

Of all the studied subjects, only two were diagnosed as anemic (0.87%). This value
increased to 21 (9.17%) after altitude adjustment (10.5 times). The proportion of men and
women with iron deficiency (TFR-F index > 2) were similar (0.68% in men and 2.39% in
women; p > 0.05) but more men (84.45%) than women (73.05%) had normal iron defined as
TFR-F index < 1 (p < 0.05). The rates of men and women with low MCV (0% and 3.17%),
low MCH (0% and 3.17%), low MCV + MCH (0% and 2.38%) and low Hb + MCV + MCH
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(0% and 1.58%) for men and women respectively were low and similar between the sexes
(p > 0.05) (Table 3).

Table 3. Proportion of subjects from Cusco (Peru) with anemia (<12 g/dL and <13 g/dL in women
and men respectively), altitude adjusted anemia, different sTfR-F Index, low MCV, low MCH, low
MCV + MCH, low Hb + MCV + MCH, and high serum IL-6 levels.

Men Women Total

Anemia 0/103 (0%) 2/126 (1.55%) 2/229 (0.87%)
Adjusted Anemia 4/103 (3.9%) 17/126 (13.5%) * 21/229 (9.17%)

TFR-F index
>2 1 (0.68%) 4 (2.39%) 5 (1.58%)
1–2 22 (14.86%) 41 (24.55%) ** 63 (20%)
<1 125 (84.45%) 122 (73.05%) ** 247 (78.41%)

Low MCV (<80 fL) 0/103 (0%) 4/126 (3.17%) 4/229 (1.75%)
Low MCH (<27 pg/mL) 0/103 (0%) 4/126 (3.17%) 4/229 (1.75%)

Low MCV and MCH 0/103 (0%) 3/126 (2.38%) 3/229 (1.31%)
Low Hb, MCV and MCH 0/103 (0%) 2/126 (1.58%) 2/229 (0.87%)

Elevated IL-6 (>50 pg/mL) 9/148 (0%) 12/167 (7.18%) 21/315 (8.25%)
TFR-F index = sTfR/log ferritin. MCV = Mean corpuscular volume. MCH = Mean corpuscular hemoglobin. IL-6
= interleukin 6. * p < 0.05, ** p < 0.01.

Two cases with anemia were mild and one was moderate. After altitude adjustment,
19 cases with mild anemia were observed, one as moderate and one as severe anemia. Both
subjects with anemia were female and, according to their corpuscular index, their condition
could be classified as microcytic and hypochromic anemia without inflammation. After
altitude adjustment, no subject had IDA measured by TBI, whereas 14.3% had a TFR-F
index > 2 compatible with ID. Low MCV, MCH, and MCV+MCH were observed in 14.3%,
19%, and 14.3% of the cases, respectively. These values were significantly lower than in the
group with anemia without Hb correction. Two out of 21 subjects with adjusted anemia
had elevated IL-6 levels (Table 4).

Table 4. Iron deficiency anemia, low MCV, MCH, MCV + MCH, and elevated serum IL-6 levels in
adult subjects from Cusco (3400 m) classified with anemia or altitude-adjusted anemia.

Anemia (2) Adjusted Anemia (21)

IDA 0/2 (0%) 0/21 (0%)

TFR-F Index
<1 1/2 (50%) 13/21 (61.9%)
1–2 1/2 (50%) 5/21 (23.8%)
>2 0/2 (0%) 3/21 (14.3%) *

Low MCV (<80 fL) 2/2 (100%) 3/21 (14.3%) *
Low MCH (<37 pg/mL) 2/2 (100%) 4/21 (19.0%) *

Low MCV and MCH 2/2 (100%) 3/21 (14.3%) *
Elevated IL-6 (>50 pg/mL) 0/2 (0%) 2/21 (9.5%)

Adjusted anemia was diagnosed after subtracting by 2.5 g/dL Hb in the adult population living in Cusco at 3400
m above sea level. ID was diagnosed when total body iron content (TBI) was <0 mg/kg. IDA when TBI was <0
mg/Kg and Hb < 12 g/dL in women and <13 g/dL in men. * p < 0.01 respect to values in subjects with anemia.

In the iron sufficient subsample (TFR-F index < 1.0 and IL-6 < 50 pg/mL), only one
out of 231 (0.4%; CI95%: 0.08%–2.41%) was anemic with unadjusted Hb, whereas 11 (4.76%;
CI95%: 2.68%–8.32%) were diagnosed as anemic after Hb adjustment (p < 0.05). The
characteristics of these subjects are presented in Table 5.
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Table 5. Biological characteristics of subjects diagnosed as corrected anemia compared with those
defined as iron sufficient without inflammation (TFR-F index < 1.0 and IL-6 < 50 pg/mL).

Healthy
Subjects

Adjusted
Anemia

TRF-F ≥ 1

Adjusted
Anemia

TRF-F < 1

Size Effect
Cohen’s d

Male/female 116/115 0/8 4/9
Age 45.85 [15.50] 36.12 [10.32] * 40.82 [11.34] 0.43
BMI 26.94 [5.77] 26.97 [6.03] 25.47 [2.73] 0.32

ASP mm Hg 117.24 [13.52] 119.62 [19.03] 110.41 [7.23] 0.64
ADP mm Hg 74.86 [11.09] 76.12 [10.86] 72.58 [6.93] 0.39

SpO2 91.32 [3.19] 92.12 [2.82] 92.25 [1.59] 0.05
CMS score 3.35 [3.19] 3.37 [3.46] 2.69 [2.46] 0.23

Hb 16.38 [1.36 ] 13.23 [0.98] * 14.14 [1.29] * 0.79
Corrected Hb 13.88 [1.36] 10.73 [0.98] * 11.63 [1.29] * 0.79

RBC count * 106 5.18 [0.45] 4.97 [0.39] 4.68 [0.3] * 0.83
MCV 91.81 [5.31] 81.58 [6.37] * 90.0 [6.96] # 1.26
MCH 31.65 [1.36] 26.81 [3.04] * 30.2 [2.73] ## 1.17

MCHC 34.34 [0.75] 32.75 [1.35] * 33.49 [0.99] ** 0.62
RDW 12.00 [0.61] 13.47 [1.24] * 12.62 [1.53] 0.61

Hepcidin 15.21 [11.09] 4.31 [2.25] * 13.22 [6.42] # 1.84
Log hepcidin 1.08 [0.30] 0.59 [0.19] * 1.03 [0.27] # 1.88
TBI (mg/Kg) 11.0 [16.86] 4.54 [1.63] * 10.56 [1.41] # 3.95
TFR-F Index 0.68 [0.15] 1.90 [0.59] * 0.62 [0.12] # 3.00

TFR-F Index < 1 231/231 (100%) 0/8 (0%) * 13/13 (100%) #
TFR-F Index > 2 0/231 (0%) 3/8 (37.5%) 0/13 (0%)

EPO 8.92 [4.86] 20.14 [10.85] * 9.31 [6.18] ## 1.22
IL-6 16.50 [9.27] 22.12 [9.02] 28.88 [27.18] 0.33

Data are mean [SD]; * p < 0.01; ** p < 0.05 respect to healthy subjects; # p < 0.01; ## p < 0.05 respect to subjects with
adjusted anemia and TFR-F ≥ 1.

In the group with adjusted anemia only three out of 21 subjects (14.28%; CI95%:
4.98%–34.64%) had TFR-F values > 2 indicative of iron deficiency, whereas 13 subjects had
TFR-F index < 1 (61.90%; CI95%: 40.88%–79.25%) and five with TFR-F index between 1
and 2 (23.80%; CI95%: 10.63%–45.09%). For analysis, the subjects with adjusted anemia
were grouped according to TFR-F values (≥1 and <1) and compared with data obtained in
healthy subjects (TFR-F < 1 and IL-6 < 50 pg/mL).

Comparing subjects with adjusted anemia and different TFR-F index, the MCV, MCH,
hepcidin, and body iron content was higher but EPO level was lower in those with adjusted
anemia and TFR-F < 1 than in those with adjusted anemia but TFR-F ≥ 1. Age, BMI, ASP,
ADP, SpO2, MCV, MCH, RDW, hepcidin, TBI, and IL-6 levels were similar in subjects
classified as having adjusted anemia with TRF-F < 1 and in healthy adult subjects (TFR-F <
1 and IL-6 < 50 pg/mL).

Hb, corrected Hb, RBC count, and MCHC were lower in the group with adjusted
anemia and TFR-F < 1. The group with adjusted anemia and TFR-F ≥ 1 had lower age, Hb,
corrected Hb, MCV, MCH, MCHC, hepcidin, and TBI than the group without anemia but
TRF-F < 1 plus IL-6 < 50 pg/mL (healthy subjects) (Table 5).

The effect size assessment resulted in a large effect size for RBC count, MCV, MCH,
serum hepcidin, log serum hepcidin, TBI, TFR-F index, and serum EPO levels (Table 5).

Hemoglobin (g/dL) correlated with TRF-F index in women (p < 0.01) but not in men
(p > 0.05) (Figure 3). In the combined sample, Hb correlated inversely with the TRF-F index
(Figure 3). Log TRF-F index correlated negatively with log serum hepcidin in men (p <
0.01) and women (p < 0.01) (Figure 4). TBI correlated positively (p < 0.001) with log serum
hepcidin levels in men and women (Figure 5).
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Figure 3. Correlation between hemoglobin (g/dL) and transferrin receptor (TfR-F) index in adult
males (Upper), men (Middle), and males+females (Lower) from Cusco, Peru at 3400 m above sea
level.
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Figure 4. Correlation between log. transferrin receptor (TFR-F) index and log. hepcidin (ng/mL) in
adult females (upper) and men (lower) from Cusco, Peru at 3400 m above sea level.

We have also assessed correlations comparing hemoglobin values with the serum
ferritin, TBI, log serum hepcidin, and serum EPO. Hemoglobin concentration correlated
with these variables in women but not in men (p > 0.05). Hb correlated directly with serum
ferritin (p < 0.05), TBI (p < 0.01), and log hepcidin (p < 0.01) but inversely with serum EPO
(p < 0.01) (Table 6).

Table 6. Correlation between hemoglobin concentration with serum ferritin, total body iron (TBI), log
hepcidin, and serum erythropoietin (EPO) in men and women from Cusco at 3400 m above sea level.

Hemoglobin (g/dL) Men
Pearson Correlation, p

Women
Pearson Correlation, p

Serum Ferritin 0.05, >0.05 0.21, <0.05
TBI −0.01, >0.05 0.28, <0.01

Log. Hepcidin 0.07, >0.05 0.24, <0.01
Serum EPO −0.17, >0.05 −0.32, <0.01
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Figure 5. Correlation between Total Body Iron (TBI) (mg/Kg) and log. Serum hepcidin (ng/mL) in
adult men (upper) and females (lower) from Cusco, Peru at 3400 m above sea level.

In the logistic regression analysis, RDW-CV was the only variable directly associated
with the TRF-F index ≥ 1 (p = 0.01). Age, RBC count, and MCV were not significantly
associated with the TRF-F index ≥ 1 (Table 7).

Table 7. Logistic regression analysis to determine the association of hematological parameters with
an iron status marker.

TFR-F Index Odds Ratio ± Std. Error z P 95% C.I

Sex 1.33 ± 0.49 0.77 0.44 0.64 2.75
Age (years) 1.00 ± 0.01 0.22 0.83 0.98 1.02
RBC count 1.68 ± 0.76 1.15 0.25 0.69 4.06
MCV (fL) 1.01 ± 0.03 0.35 0.73 0.95 1.08
RDW-CV 2.04 ± 0.58 2.49 0.01 1.16 3.56
Constant 4.63 × 10 −6 ± 2.68 × 10−5 −2.12 0.03 5.45 × 10 −11 0.39

0 = male; 1 = female; RBC = red blood cell; MCV = mean corpuscular volume; RDW-CV = Red cell distribu-
tion width-coefficient of variation; TFR-F index = soluble transferrin receptor/log ferritin (0 = TFR-F < 1 and
1 = TFR-F ≥ 1).
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Table 8 presents data of the logistic regression analysis to determine the association
between adjusted anemia with the TRF-F index and hematological indices in men and
women. The TFR-F index was not associated with adjusted anemia in men (p = 0.5699
nor in women (p = 0.302). Among hematological parameters, RBC count and MCV were
significantly associated with adjusted anemia in men and RBC count with RDW-CV in
women (Table 8).

Table 8. Logistic regression analysis to determine the association of hematological parameters and
iron status marker to anemia after hemoglobin correction (Adjusted anemia) in adult men and women
from Cusco (3400 m).

Adjusted
Anemia (Men) Odds Ratio ± Std. Error z P 95% C.I

RBC count 0.0004 ± 0.002 −2.01 0.045 1.87 × 10 −7 0.834
MCV (fL) 0.56 ± 0.154 −2.10 0.035 0.330 0.961
RDW-CV 6.77 ± 13.197 0.98 0.327 0.148 309.32

TFR-F Index 0.068 ± 0.324 −0.57 0.569 6.86 × 10 −6 691.21

Constant 3.04 × 10 29 ± 1.36 × 10 31 1.52 0.129 2.86 × 10−9 3.23 × 10
67

Adjusted
anemia

(Women)
Odds Ratio ± Std. Error z P 95% C.I

RBC count 0.0004 ± 0.0009 −3.54 0.001 5.86 × 10−6 0.031
MCV (fL) 0.96 ± 0.04 −0.84 0.401 0.891 1.047
RDW-CV 9.31 ± 6.58 3.16 0.002 2.331 37.214

TFR-F Index 2.60 ± 2.41 1.03 0.302 0.423 15.988
Constant 29,111.11 ± 272,116.3 1.10 0.271 0.0003 2.63 × 1012

1 = With anemia (Hb < 15.5 g/dL in men and <14.5 g/dL in women) and 0 = Without anemia; MCH = mean
corpuscular hemoglobin; TFR-F index = soluble transferrin receptor/log ferritin as dichotomic variable (0 = TFR-F
< 1 and 1 = TFR-F ≥ 1).

4. Discussion

Different studies in children and pregnant women have suggested that recommen-
dations to adjust hemoglobin (Hb) by altitude [5] overestimates the prevalence of anemia
particularly in altitudes over 3000 m [41,48]. The WHO recommends daily iron supplemen-
tation for all women or children in areas where anemia prevalence is ≥40%, even though
Hb concentration is generally considered to be a poor prognostic indicator of iron status. In
the Peruvian highlands, only 25% of children aged 10–35 months that received iron supple-
mentation, showed a reduction of anemia [49], and another study in the Southern Andes
in children aged 6–59 months showed that 22% of the cases of anemia were attributable
to iron deficiency [27]. In this latter population, the proportion of anemia attributable to
inflammation was 27.8% suggesting that the remaining cases (50.23%) are due to other
causes and/or due to a misdiagnosis of anemia as suggested in other studies [7,23,24,33].

In natives in HA, Hb concentration increases and it is not unusual to find values of
Hb ≥ 21 g/dL in men and ≥ 19 g/dL in women considered as excessive erythrocytosis, a
characteristic associated with chronic mountain sickness [40]. Unlike excessive erythrocyto-
sis [50], the situation of anemia in the adult population living at high altitudes has been little
studied. Two studies in adult populations, one in Tibet and the other in Ethiopia, showed
that men and women with iron sufficiency and without inflammation were mistakenly
identified as anemic after Hb adjustment [23,24].

The present study was designed to determine whether the adjustment of Hb values
by the altitude of residence is also misdiagnosing anemia in adult men and women living
in the south-east Peruvian Andes at 3400 m above sea level. Our results showed that
the prevalence of anemia increased by 10.5 times after adjusting Hb levels by altitude.
However, using hematological parameters (MCV and MCH), the prevalence of anemia
ranged between 1.35% to 1.75%, and low values of Hb, MCV, and MCH—indicative of iron
deficiency anemia (IDA)—were observed in only 0.87% of the studied subjects. Similarly,
markers of iron status suggest that ID was observed in 0%–1.58% of the subjects. These
figures are far from those observed when Hb adjustment is performed (9.17%).
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Suitability of hemoglobin adjustment by altitude should show that the prevalence of
anemia after adjustment is more related to ID rate than unadjusted Hb does [25]. However,
current data suggest that, in the Peruvian Andes (America), as observed in the adult
population in Ethiopia and Tibet (Africa and Asia), the adjustment of Hb by altitude is
inappropriately increasing the prevalence of anemia. These results are following previous
data in children from Puno, Peru at 3800 m also located in the Southern Andes [1].

Our data using serum hepcidin measurements also support the fact that Hb adjustment
as recommended by the WHO is misleading the diagnosis of anemia. For instance, 13 out
of 21 subjects diagnosed with adjusted anemia showed values of serum hepcidin similar to
the control group classified as iron sufficient.

It is known that TBI, a marker of iron stores in the body, better predicts the absence of
bone marrow iron than serum ferritin concentration alone, and TBI can be analyzed as a
continuous variable [31]. In our sample, no subject showed TBI values <0 mg/kg indicative
of iron deficiency.

During ID or after hemorrhage, hepcidin decreases to allow iron delivery to plasma
through ferroportin, thus promoting compensatory erythropoiesis to revert IDA [51]. Hep-
cidin is also suppressed during acute exposure to altitude hypoxia due to accelerated
erythropoiesis [52]. Reduction in hepcidin levels is secondary to the increased EPO and
erythroferrone levels induced by the hypoxia exposure [53].

This is not the situation in populations natives at high altitudes in which serum
hepcidin levels are similar or higher than at low altitudes as observed in subjects from
Ethiopia [54]. Similarly, in Peru, serum hepcidin levels were similar between natives at low
altitudes and natives at the highlands in the central Andean adult women and between
adult men [33]. This means that, under steady-state hypoxia, hepcidin levels are not
suppressed due to stable erythropoietic activity as observed after acute exposure to high
altitudes in which an accelerated erythropoietic activity occurs [52].

One question raised by our results is why TBI increases alongside hepcidin in situations
of normal hemoglobin values. Here, as well as in the cases of inflammation, the risk of
iron overload seems to be increased. As the risk of inflammation in our sample is reduced,
then, the elevated iron levels observed seem to be due to increased iron absorption at the
duodenal level.

Although hemoglobin concentrations were comparable between anemia of chronic
diseases (ACD) and IDA patients, the latter presented with significantly higher serum
erythropoietin concentrations than ACD patients [55]. We have observed in HA adult
subjects with adjusted anemia and a TFR-F index ≥ 1, a higher EPO concentration than
in those with adjusted anemia with a TFR-F index <1 and in those classified as healthy
subjects (TFR-F index < 1 and IL-6 < 50 pg/mL).

This group with a high EPO concentration represents 2.6% (CI95%: 1.2%–5.6%) of the
studied sample. This value is lower than the rate of anemia after Hb correction (9.17%;
CI95%: 6.1%–13.6%) confirming that Hb adjustment by altitude to define anemia at HA is
inappropriate.

IL-6 levels were similar between subjects with adjusted anemia but different TFR-F
index suggesting that these subjects with TFR-F < 1 were normal and did not belong to the
ACD category.

Another important finding from our study is the different association of Hb, hepcidin,
and the TFR-F index between men and women. We have observed that Hb correlated with
the TFR-F index in women but not in men whereas the TFR-F index correlated negatively
with hepcidin in both men and women. This means that in men a higher TFR-F was not
associated with Hb but it was associated with low hepcidin levels, suggesting that men
are exposed to a risk for increasing iron stores with a risk of iron overload that should be
studied in further investigations. This was confirmed in the multivariate analysis after
controlling for different variables, men were associated with high hepcidin levels and lower
TFR-F index was associated with increased hepcidin levels.
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When the TFR-F index increases, hepcidin levels decrease in both men and women,
which implies that there is a greater capacity for iron absorption. This is a normal association
observed in different studies [56]. However, the relationship between TFR-F index with Hb
at HA seems to be different from that observed at LA, while in women, the TFR-F index
increases depending on lower hemoglobin levels, which is a normal pattern of regulation
observed at LA [57], in the case of men, the values of TFR-F index increase without changes
in hemoglobin levels and these increases in the TFR-F index are associated with lower
hepcidin values, which suggests that in men with normal or increased Hb values there are
associated lower values of hepcidin which indicates greater availability of iron absorption,
which in turn will enter the body, increasing the risk of iron overload. This is corroborated
in the multivariate analysis, showing that Hb concentration levels do not correlate with the
TFR-F index and that men were associated with a lower TFR-F index than women.

Further analysis with other hematological parameters shows the same sex difference.
TFR-F index was associated with almost all hematological parameters assessed in women
but not in men. The same was observed for the association of hematological parameters
with serum hepcidin. According to the multivariate analysis, the most significant associ-
ation with the TFR-F index was observed with RDW-CV. A previous study showed that
elevated RDW-CV correlated highly with ID [58].

There are studies showing sex differences regarding iron status. Men accumulate more
iron and have a higher incidence of liver injury [59]. The same sex-related variation in iron
metabolism has been observed between male and female rats, in which iron is distributed
differently in the tissues. This difference in iron distribution may be associated with the
difference in the hepcidin level observed between men and women [60].

Lower serum hepcidin levels in healthy women have previously been reported, com-
pared to values measured in men [61]. We have extended the observation to the HA
population in which men also have more serum hepcidin levels than women as observed
in a population at LA [62].

The level of serum hepcidin correlates with serum ferritin levels [63]. Then, it is
postulated that both high hepcidin and ferritin levels are markers of iron overload [64].
It has been suggested that, in dysmetabolic iron overload syndrome (DIOS), increased
hepcidin has a subtle impairment in the ability to restrain iron absorption following an iron
challenge [65]. This may increase the availability of unneeded iron to the circulation and
the tissues.

It is expected that, in subjects with normal body iron, the hepcidin secretion is in-
creased, restricting iron absorption and avoiding the risk of iron overload. However,
according to our data (particularly in men) and from others, this regulation does not occur.
In our case, and in those such as DIOS and non-alcoholic fatty liver disease (NAFLD) pa-
tients who show elevated serum hepcidin levels, an elevated iron accumulation is observed.
In these cases, it is assumed that the iron challenge does not restrain iron absorption despite
adequate hepcidin production, suggesting an impaired hepcidin activity [66].

Results using hematological indices should be interpreted with caution. Microcytosis is
a common red cell change seen in anemias of varied etiology. These include ID, thalassemia,
chronic disease, and sideroblastic anemias [67]. Then, it is important to identify markers to
discriminate the etiology associated with our findings. Firstly, thalassemia is a problem
observed mainly in people of Mediterranean, Middle Eastern, and Asian descent [68].
Beta-thalassemia minor, also called carrier or trait, is the heterozygous state that is usually
asymptomatic with mild anemia [69]. However, in Peru, the rate of thalassemia is very low
and less in HA populations [70]. For these reasons, in our study it is more probable that
low MCV and MCH are more related to ID than to heterozygous thalassemia.

RDW will increase in a patient moving from iron sufficient to iron deficiency but will
be within normal values after long-lasting ID—and again, RDW will increase after iron
supplementation, which is indicative of enhanced erythropoiesis [71].

In children under five years of age in Peru, vitamin B12 deficiency was present in
11% of Huancavelica anemics located at high altitudes and 29.7% of Coronel Portillo in the
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jungle; in Huancavelica, this deficiency exclusively represented 3.1% of anemia cases and
in Coronel Portillo, 4.8% [72]. Then, it is possible to find people with both simultaneous
iron deficiency and vitamin B12. We have not measured vitamin B12 and this is a limitation
of our study. In these cases, is possible to find normal MCV and low MCHC.

Our data provide relevant information on iron regulation in the adult population
at HA. However, some limitations need to be further considered. We have not assessed
circulating iron nor non-transferrin-bound iron to evaluate the impact on functional ID. A
second limitation is the lack of information about dietary iron intake. Finally, our study has
a cross-sectional design and, as such, poses the great limitation of being unsuitable to draw
cause–effect associations

5. Conclusions

We showed that the adjustment of Hb by altitude to define anemia in adult populations
at HA inappropriately increases the rate of anemia by almost 10 times. The rate of anemia
using the measured Hb value at HA is closer to the rates of anemia or ID when using
hematological parameters, markers of iron status, and measurements of hepcidin and
erythropoietin. The rates of low MCV, low MCH, low MCV+MCH were reduced after
adjusted anemia. Only three subjects have both adjusted anemia and low iron status (TRF-F
> 2), representing 0.87% of the total sample studied. Sex differences related to iron status
suggest that men are at more risk of iron overload than women at HA. This work highlights
that an individual approach must be taken. A patient with a given Hb should be assessed
individually, taking in to account hematological parameters as well as origin (Southern
Andean or other).
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