ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Clinical Biochemistry 40 (2007) 1209—1218

CLINICAL
BIOCHEMISTRY

Plasma creatinine as a determinant of plasma total homocysteine
concentrations in the Hordaland Homocysteine Study:
Use of statistical modeling to determine reference limits

Amany K. Elshorbagy **, Abderrahim Oulhaj°, Svetlana Konstantinova ¢, Eha Nurk ¢,
Per M. Ueland ¢, Grethe S. Tell ¢, Ottar Nygéard *-, Stein E. Vollset ©%-%, Helga Refsum *°

* Oxford Centre for Gene Function, Department of Physiology, Anatomy and Genetics, Oxford University, UK
® Oxford Project to Investigate Memory and Ageing, Department of Physiology, Anatomy and Genetics, Oxford University, UK
¢ Department of Public Health and Primary Health Care, University of Bergen, Norway
4 LOCUS for Homocysteine and Related Vitamins, University of Bergen, Norway
¢ Institute of Basic Medical Sciences, Department of Nutrition, University of Oslo, Norway
T Institute of Medicine, University of Bergen, Norway
& Norwegian Institute of Public Health, Bergen, Norway

Received 19 March 2007; received in revised form 29 May 2007; accepted 2 July 2007
Available online 11 August 2007

Abstract

Objectives: We established population-based reference limits for plasma total homocysteine (tHcy) according to creatinine.

Design and methods: In 7042 middle-aged and elderly subjects from the Hordaland Homocysteine Study, we used statistical modeling to
establish nomograms for tHcy according to creatinine in the whole population and in folate-replete and healthy subgroups.

Results: When plotted against creatinine, tHcy 97.5th percentile almost overlapped in men and women, and, in elderly, increased up to 8 umol/
L from the 2.5th to 97.5th creatinine percentiles. Folate-replete subjects had tHcy upper limits ~20% below the whole population at all creatinine
levels. Healthy subjects had lower creatinine, but at a given creatinine level, tHcy was the same as in the whole population.

Conclusions: tHcy difference between men and women is mostly explained by creatinine. The tHey-reducing effect of folate is independent of
creatinine. In elderly people, creatinine should be taken into account when assessing tHcy levels.
© 2007 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.
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Introduction

Homocysteine is an amino acid intermediate of methionine
metabolism that at elevated plasma levels has been implicated
as an independent risk factor for cardiovascular disease, birth
defects, pregnancy complications, and cognitive decline in the
elderly [1]. Furthermore, plasma total homocysteine (tHcy) is
increasingly used in the assessment of folate and vitamin B12
deficiency [1]. Several studies have identified renal function as
a major determinant of plasma tHcy concentrations [1,2]. A
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slightly reduced glomerular filtration rate (GFR) increases tHcy
within the reference interval [1]. Frank hyperhomocysteinemia
is common among patients with chronic renal insufficiency, and
almost invariably accompanies chronic renal failure [3].

The causes of hyperhomocysteinemia in renal failure are not
clear. Defective urinary excretion has been ruled out as a
possibility, since about 80% of plasma tHcy is bound to albumin
and unavailable for filtration [4]. The remaining fraction under-
goes tubular reabsorption after glomerular filtration [5], and
only minute amounts of homocysteine are recovered in urine
[6]. Yet tHcy levels correlate strongly with GFR [7,8]. Homo-
cysteine uptake and metabolism by the kidney were demon-
strated in rats [9], but studies in humans found no significant
arteriovenous differences in tHcy across the kidney [10,11].

0009-9120/$ - see front matter © 2007 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.

doi:10.1016/j.clinbiochem.2007.07.014


mailto:amany.elshorbagy@dpag.ox.ac.uk
http://dx.doi.org/10.1016/j.clinbiochem.2007.07.014

1210

Nevertheless, enzymes for homocysteine metabolism by both
remethylation and transsulfuration are present in human kidney
tissue [12]. It has been hypothesized that uremic toxins may
depress intracellular metabolism of homocysteine in the kidney
or other tissues [3], increasing its export from the cellular to the
plasma pool.

Increasing age and male sex are associated with higher
plasma tHcy [13,14], as well as higher creatinine levels [15].
Declining renal function may explain the age-related increase in
plasma tHcy [7,13]. The gender difference, on the other hand,
could partly be due to larger muscle mass in men, since muscles
contain 95% of total body creatine, and creatinine is produced
from creatine which is stored in muscle [16]. About 2 g of
creatine is metabolized to creatinine daily in a 70 kg man, and is
partly replenished from dietary sources, mainly meat, and fish
[17]. The remainder is synthesized from arginine, glycine and
methionine, involving a hepatic transmethylation reaction with
subsequent production of homocysteine (Fig. 1) [16].

Because of the strong association between tHcy and creat-
inine, reference limits for tHcy are usually calculated after
excluding persons with increased creatinine or impaired renal
function [1], and many studies involving tHcy exclude subjects
with elevated creatinine. An alternative strategy would be to
establish different reference limits for different creatinine con-
centrations. The Hordaland Homocysteine Study [18] is a
population-based cohort, with comprehensive laboratory and
lifestyle data on a relatively large number of participants. Using
these data allowed us to define reference limits for plasma tHcy
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according to serum creatinine and to establish nomograms.
Using nomograms, we re-examine the association between tHcy
and several factors known to influence the tHcy level.

Subjects and methods
Study population

Between April 1992 and April 1993, the National Health
Screening Services, in cooperation with the University of
Bergen and local health services, conducted the first Hordaland
Homocysteine Study (HHS-I) in the Hordaland county of
western Norway, on a total of 18,043 subjects aged 40—67 years.
Details on data collection for the HHS-I have been published
previously [18].

In 1997-1999, there was a follow-up study of participants
living in Bergen and its surroundings (HHS-II), conducted as
part of the Hordaland Health Study (HUSK). In the HHS-II, a
total of 9187 subjects were invited, of whom 7074 (77%)
attended. Of those, 3341 subjects belonged to the elderly group,
then aged 71-73 years, while the remaining 3733 subjects
belonged to the middle-aged group, aged 47—48 years [18].

Plasma concentrations of tHcy, folate, and vitamin B12 have
been measured in all samples of HHS-I and HHS-II [19]. Serum
and plasma creatinine, however, was only measured in the par-
ticipants of the HHS-II. In the present study, we included all
participants from the HHS-II study for whom creatinine and
homocysteine data were available, comprising 1657 men and
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Fig. 1. Homocysteine—creatinine relationship. Creatinine is the product of intracellular non-enzymatic degradation of creatine, of which >90% is present in skeletal
muscle. Muscle creatine is partly replenished by animal protein diet and the rest is synthesized, mainly by hepatic SAM-dependent methylation of GAA with
subsequent production of Hey. Remethylation of Hey back to methionine is folate- and vitamin B12-dependent. Excess Hcey that is not metabolized intracellularly is
exported to the plasma. Kidney function is critical for maintenance of normal plasma levels of both Hey and creatinine. Arg, arginine; GAA, guanidinoacetate; Gly,
glycine; Hcy, homocysteine; Met, methionine; Orn, ornithine; PCr, phosphocreatine; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; 5-mTHF,

S-methyltetrahydrofolate; 5,10-mTHEF, 5,10-methylenetetrahydrofolate.
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2059 women aged 4748 years, and 1466 men and 1860 women
aged 71-73 years.

The study protocols for both HHS-I and HHS-II have been
approved by the Regional Ethical Committee of western Nor-
way, whose directives are based on the Helsinki Declaration.

Data collection

Height and weight were measured in light clothing, and body
mass index (BMI) was calculated as weight in kilograms
divided by the square of height in meters. Blood pressure was
measured three times for each individual and the average of the
second and third measurements is used. Self-administered
questionnaires provided information on lifestyle and medical
history.

History of CVD was defined as self-reported past history of
angina, myocardial infarction, and/or cerebral stroke or hemor-
rhage. Hypertension was defined as systolic and/or diastolic
blood pressure above the upper limit for age and gender, and/or
self-reported history of treatment for hypertension. Upper limit
of blood pressure for age and gender was determined following
the recommendations of the Norwegian College of General
Practitioners by the following equations: Upper limit of systolic
blood pressure=150.3+0.45*age (men) or 154+0.8 *age
(women); Upper limit of diastolic blood pressure=85+0.4 * age.

Renal insufficiency was defined following the MDRD re-
commendations as calculated GFR <60 mL/min [20]. GFR was
calculated using the MDRD formula: GFR (mL/min/1.73 m?)=
186 x (serum or plasma creatinine mg/dL)™"'>* x (age) ™~ *2% x
(0.742 if female) [20].

Biochemical measurements

Non-fasting plasma samples were collected in EDTA-
containing tubes for tHcy, folate, and vitamin B12 analyses as
previously described [21]. Plasma tHcy levels were analyzed by
HPLC with fluorescence detection. Intra-assay coefficient of
variation was lower than 4% [22]. Plasma folate and plasma
vitamin B12 concentrations were measured by microbiological
assays [23,24]. Creatinine was measured both using a conven-
tional Jaffe assay (in serum), and by a modification of a liquid
chromatography-mass spectrometry (LC-MS/MS) described
previously [25] using stored plasma. The values obtained by
LC-MS/MS were lower than those obtained with the Jaffe
reaction regardless of age, gender, and baseline creatinine level.
The correlation between the Jaffe and LC-MS/MS measure-
ments is given by the following equation:

Creatinine; cvis/ms = —18.81 umol /L +1.03* Creatininejagt.;
R =0.862

This difference may be related to the higher specificity of,
and less interference with the LC-MS/MS method. In this
report, we have used the results obtained by the LC-MS/MS
method. The LC-MS/MS assay has a sensitivity of 0.1 umol/L,
within-day CV (at 75 umol/L) of 4%, and between-day CV of
4% [26].

Reference populations

For the purpose of this study, we investigated the four age
and gender groups separately, and in each age—gender group,
analyses and nomograms were drawn from 3 population
samples, having 2350 subjects in common:

1. The whole study population, comprising the 7042 subjects
from the HHS-II study for whom tHcy and creatinine data are
available.

2. A “folate-replete subgroup” comprising the 3353 subjects
with a folate above the median for the whole population
(6.68 nmol/L), after excluding those with severe vitamin B12
deficiency (B12 <200 pmol/L).

3. A “healthy subgroup” comprising 4930 subjects without
history or evidence of major non-physiological conditions
known to affect tHcy concentrations. Participants were ex-
cluded from this subgroup analysis if they had diabetes
mellitus, CVD, hypertension, or renal insufficiency (defined
above) [20].

Statistical methods

Distributions of tHcy, creatinine, folate, and vitamin B12
were skewed, and therefore the analyses were done either by
non-parametric tests or by using log;, values. Geometric means
are presented with their confidence intervals. All tests were two-
tailed, and a p value <0.05 was considered significant.

For the tHcy reference intervals (2.5th—97.5th%) in Table 2,
we calculated non-parametric bootstrap 95% confidence inter-
vals (CIs). We replicated B=999 bootstrap samples from the
original data using three different methods: Basic, Percentile,
and the Normal approximation methods. All three procedures
gave similar results. For simplicity, we present results obtained
from the percentile method (Fig. 2), indicating, in addition to
the 95% CI, the mean of the replication results.

To estimate reference limits for tHcy plotted against plasma
creatinine, we used the statistical model Generalized Additive
Model for Location Scale and Shape (GAMLSS), within which
we applied the Box-Cox t-distribution as a model for tHcy
explained by creatinine. This distribution has four parameters:
mean, scale, skewness, and kurtosis. Each parameter is modeled
as a smooth non-parametric function of the explanatory va-
riable, creatinine. We fitted the basic model, in which only the
mean is modeled as a non-parametric function of creatinine
leaving the other parameters constant, and the degrees of free-
dom penalty was held constant for all fits.

The advantage of the Box-Cox t-distribution is that it
provides a flexible model for skewness and kurtosis. It also has
an explicit formula for centiles, making it highly suitable for
centile estimation, and is relatively easy to fit and interpret.
However, it does not allow for hypothesis testing or estimation
of Cls for the percentiles, a shortcoming which we tried to
overcome by calculating bootstrap 95% Cls for the 97.5th per-
centile line in 4 population subgroups (Fig. 6). We fit the model
using the GAMLSS Library developed by Rigby and Stasino-
poulos [27,28] and incorporated as a package into the statistical
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Fig. 2. Mean and 95% bootstrap confidence intervals for the 2.5th and 97.5th percentiles of total homocysteine listed in Table 2 as determined from 999 bootstrap
replications. (A) Whole study population; (B) folate-replete subgroup; (C) healthy subgroup.

analysis program R [29]. To estimate the 95% CIs for the 97.5%
centile curves for the 4 main groups (Fig. 6), we used a non-
parametric bootstrap. We replicated, with replacement, B=999
samples from the original data. The model was refitted for each
bootstrap sample (the smoothing degrees of freedom penalty
was fixed throughout) and predictions of the tHcy 97.5% centile
at fixed values of creatinine were made.

Results
Selected characteristics

Geometric means for both tHcy and creatinine differed sig-
nificantly (p<0.001) between all 4 age—gender groups, being
highest in elderly men and lowest in middle-aged women
(Table 1). As expected, disease prevalence differed markedly
between the two age groups, being higher at older age.

Plasma total homocysteine in three reference groups
When comparing the whole population with the folate-

replete and healthy subgroups, the greatest differences observed
for the tHcy levels were in the highest percentiles (Table 2,

Fig. 2). Indeed, the 95% bootstrap Cls indicate a consistent
difference (no overlap in CIs) between folate-replete subjects
and the total population in the 97.5th but not the 2.5th
percentile. The 97.5th percentile was on average 20% lower in
the folate-replete subgroup than in the whole population. The
greatest percent difference when comparing whole population
to healthy subgroup was observed in the older population.

Plasma creatinine differed remarkably little between the
whole population and folate-replete subgroup in all the per-
centiles, being slightly higher in the folate-replete subgroup
despite the marked reduction in tHcy. Compared to the whole
population, the elderly healthy subgroup had creatinine levels
that did not differ greatly in the 2.5th and 50th percentiles, but
were an average 24 pmol/L lower in the 97.5th percentile, pro-
bably due to exclusion of participants with renal insufficiency
from the healthy subgroup.

Centiles for tHcy according to creatinine

For each of the 12 subgroups defined by age—gender and
health status, Figs. 3—5 show the creatinine-tHcy association in
the 2.5th to 97.5th percentile range of plasma creatinine. For
tHcy, curves representing the median, 2.5th and 97.5th per-
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Table 1
Selected characteristics of the study population

1213

Middle-aged (47-48 years)

Elderly (71-73 years)

Men (n=1657)

Women (n=2059)

Men (n=1466)

Women (n=1860)

Plasma variables
Geometric mean (95% CI)
Creatinine, pmol/L*
tHcy, pmol/L?
Vitamin B12, pmol/L®

78 (78-79)
10.4 (10.3-10.6)
353 (348-358)

Folate, nmol/L® 6.5 (6.4-6.7)
Condition
Subjects with/without (proportion with) condition
cvp? 44/1639 (2.7%)
Diabetes mellitus 26/1648 (1.6%)
Hypertension® 121/1657 (7.3%)

Renal insufficiency”
Low folate status®
Low vitamin B12 status"

5/1657 (0.3%)
120/1657 (7.2%)
40/1657 (2.4%)

64 (63-64) 84 (83-85) 67 (67-68)
8.8 (8.7-8.9) 12.5 (12.3-12.7) 11.1 (11.0-11.3)
358 (353-364) 340 (333-348) 359 (351-366)
7.3 (7.1-7.4) 6.4 (6.2-6.6) 7.7 (1.4-7.9)

19/2031 (0.9%)
11/2041 (0.5%)
143/2059 (6.9%)
29/2059 (1.4%)
118/2059 (5.7%)
79/2059 (3.8%)

362/1417 (25.5%)
105/1439 (7.3%)
530/1466 (36.2%)
114/1466 (7.8%)
125/1466 (8.5%)
105/1466 (7.2%)

258/1800 (14.3%)
117/1833 (6.3%)
658/1860 (35.4%)
192/1860 (10.3%)
130/1860 (7.0%)
111/1860 (6.0%)

tHcy, total homocysteine.

? p<0.05 between age groups within the same gender, and between genders of the same age groups.
b p<0.05 only between young and elderly men, and between elderly men and women.

¢ p<0.05 only between genders within the same age group, and between young and elderly women.
4 CVD, cardiovascular disease; history of angina, infarction, or cerebral stroke.

¢ History of antihypertensive treatment and/or blood pressure>upper limit for age and gender.

f Estimated (by MDRD formula) glomerular filtration rate <60 mL/min/1.73 m?.

¢ Plasma folate <3.5 nmol/L.
" Plasma vitamin B12 <200 pmol/L.

centiles are shown. For comparison, the nomograms are pre-
sented in three graphs where the first shows the gender effect, the
second the age effect, and the third, the folate/health effect.
While we describe the various trends observed in our nomo-
grams, it should be noted that no formal statistical significance
can be assigned to them since the models do not allow formal
statistical testing.

Table 2

Gender effect

Fig. 3 shows plasma tHcy levels plotted against plasma
creatinine in panels comparing men and women of the same age
group, in the three population samples according to folate and
health status. Centile lines embrace the 2.5th to 97.5th crea-
tinine percentiles. A consistent observation was that tHcy in-
creased with increasing plasma creatinine. This increase in tHcy

Median and reference intervals of plasma total homocysteine and creatinine in the whole population and healthy and folate-replete subgroups according to age and

gender

Whole population

Folate-replete subgroup® Healthy subgroup®

Males Females Males Females Males Females

Middle-aged
N 1657 2059 735 1068 1473 1840
tHey, umol/L

Median 10.2 8.6 9.6 8.0 10.2 8.6

2.5-97.5% 6.9-19.1 5.5-16.7 6.6-14.9 5.3-12.9 6.9-19.4 5.5-15.9
Creatinine, pmol/L

Median 79 64 80 64 79 64

2.5-97.5% 57-106 46-87 58-107 47-87 57-105 46-83
Elderly
N 1466 1860 591 959 674 943
tHey, pmol/L

Median 12.2 10.9 11.2 9.8 11.9 10.6

2.5-97.5% 7.8-22.6 6.8-21.4 7.3-18.3 6.5-17.0 7.8-21.6 6.7-19.8
Creatinine, pmol/L

Median 83 67 84 67 81 65

2.5-97.5% 58-133 46-102 66—-131 45-107 57-107 45-84

* Folate-replete subgroup: Subjects with folate above the median for the whole population (6.68 nmol/L) and excluding those with vitamin B12 <200 pmol/L.
b Healthy subgroup: Subjects without cardiovascular disease, hypertension, diabetes mellitus, or renal insufficiency (calculated GFR <60 ml/min/1.73 m?).
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Fig. 3. Plasma total homocysteine 2.5th, 50th, and 97.5th percentiles plotted
against creatinine (2.5th—97.5th percentiles): Gender effect. Groups presented
are the whole population (all study participants), folate-replete subgroup (group
with folate above the median [6.68 nmol/L] and excluding those with vitamin
B12 <200 pmol/L), and healthy subgroup (subjects without cardiovascular
disease, hypertension, diabetes mellitus, or renal insufficiency [calculated GFR
<60 mL/min/1.73 m?]).

was steepest in the 97.5th percentile, where it reached about
8 pmol/L tHcy across the 2.5th to 97.5th creatinine percentiles
in both the whole population and in the folate-replete
subgroup. It appeared as steep in men as in women, although
women overall had significantly lower creatinine values. The
magnitude of total increase of tHcy with creatinine in the
healthy subgroup was smaller, with a maximum of 4 pmol/L
increase in the 97.5th tHcy percentile. This may reflect ex-
clusion of individuals with renal insufficiency from the healthy
subgroup.

Notably, plasma tHcy at each creatinine value was higher in
men than women only in middle-aged, but not in older parti-

cipants. In the whole population, and folate-replete, and healthy
subgroups, elderly men and women had overlapping tHcy-
according-to-creatinine curves. In the middle-aged group, a
convergence in tHcy curves for men and women could be
observed with increasing creatinine levels.

Age effect

In Fig. 4, comparison between middle-aged and elderly
groups in the same gender is presented. Creatinine 97.5th perc-
entile increased markedly with age in the whole population and
folate-replete subgroup, but not in the healthy subgroup. A
constant finding in all three population samples is that the tHcy
upper limit was 2—5 pmol/L higher in elderly than in middle-
aged individuals at a given plasma creatinine concentration,
while the difference in median and 2.5th percentile lines was 1—
2 pmol/L between two age groups.
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Fig. 4. Plasma total homocysteine 2.5th, 50th, and 97.5th percentiles plotted
against creatinine (2.5th—97.5th percentiles): Age effect.
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Folate and health status effects

In Fig. 5, we compare whole population, and the folate-
replete, and healthy subgroups in each age—gender group. Cen-
tiles for the healthy subgroup and whole population overlapped
in all 4 age—gender groups. The folate-replete subgroup,
however, had remarkably lower tHcy over the entire creatinine
range. The 97.5th percentile, for example, was on the average
4 pmol/L lower in the folate-replete subgroup as compared to
the whole population. Plasma tHcy appeared to be slightly more
affected by folate status in older than in the middle-aged
subjects.

Combined groups

The data above reveal that when tHcy is presented according
to creatinine, the health and gender effects are absent or modest,
while the effects of age and folate status remain strong. We
therefore prepared new nomograms where we combined men
and women, but had separate data for the older and middle-aged
groups in the whole population vs. the folate-replete subgroup.
In Fig. 6, the 97.5th percentile for each of these 4 groups is
shown, together with its 95% bootstrap Cls.

Discussion

We made use of tHcy, creatinine, and other comprehensive
data on over 7000 subjects to establish reference limits for tHey
according to age, gender, and creatinine levels. In doing so, the
expected trend [1,2] was generally confirmed: the higher your

creatinine levels, the higher your tHcy, with older age and male
sex predicting higher values of both tHcy and creatinine.

The International Federation of Clinical Chemistry (IFCC)
defined reference intervals as the range of values between the
2.5th and 97.5th percentiles [30]. Currently, there are two main
approaches for establishing reference intervals according to co-
variables, such as age and gender: the parametric model, which
involves a theoretical Gaussian distribution of the data set, or
non-parametric methods, which make no assumptions about the
distribution [31]. In this study, we chose a partly non-parametric
approach [27], given the skewed distribution of tHcy.

We investigated 3 population samples: the whole study
population, which reflects a general population that has not been
subjected to folate-fortification of foods, the folate-replete sub-
group, which is probably quite close to that observed after
folate-fortification, and the healthy subgroup. This latter sub-
group is probably not appropriate as a reference group, but
yields important information on the relation between creatinine
and tHcy. In all age—gender groups, the tHcy-creatinine assoc-
iation was nearly linear within the 2.5th—-97.5th creatinine
percentiles, suggesting that linear models could have been used.
However, it cannot be determined from this study whether this
linearity continues at higher creatinine levels as observed in
renal failure.

Reference ranges of tHcy and creatinine

Compared to the whole population, our folate-replete sub-
group had similar creatinine reference ranges, but with reduced
tHcy values especially in the upper percentiles. Compared to the
whole population, tHcy in the folate-replete subgroup was 21%
less in the 97.5th percentile and 8% less in the median. This
difference parallels the 7% decrease in geometric mean tHcy
reported for the Framingham offspring cohort after 4 years of

The 97.5th percentile

—— |Middlg-aged —— | Elder
=== Middlel-aged |folatejrepletq | _| f------ Elderly, folate-replgte ||

N
w

-

w
\)

.
\|

Plasma tHey, umol/L
n
[=]

10

40 60 80 100 120 140 40 60 80

Plasma creatinine, pmol/L

100 120 140

Fig. 6. Plasma tHcy 97.5th percentile plotted against creatinine (2.5th—97.5th
percentile) in elderly vs. middle-aged groups in the whole population and folate-
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mandatory folic acid fortification [32] but is noticeably less than
the 21% reduction of mean tHcy after 6 years of voluntary folate
fortification in 468 subjects in Australia [33]. This may reflect
the variations in periods and doses of fortification, and the fact
that the Australian study reports arithmetic rather than geome-
tric mean.

In our choice of a healthy subgroup, we attempted to exclude
people with common non-physiological factors associated with
altered tHcy levels [1]. Exclusion of these participants, par-
ticularly those with renal insufficiency, left a subgroup with
remarkably lower reference ranges both for tHcy and creatinine.
This is a rather “ideal” situation, in which the age effect on
creatinine values disappears, indicating the well-recognized
concept that the increase of plasma creatinine with age is largely
a renal effect [34]. Yet, the gender difference in creatinine per-
sists, presumably due to the different rates of creatine/creatinine
production [35]. In contrast, for tHcy, both the age and gender
differences are preserved in that population.

Effects of age and gender on homocysteine and creatinine

In our study population, the universally documented gender
effect on tHcy levels [14,36,37] was age-dependent and more
pronounced in the middle-aged than in the elderly population.
Indeed, in old age, women and men with the same plasma
creatinine had similar tHcy levels, indicating that the male—
female difference in tHcy observed in this age group could be
almost totally accounted for by the difference in plasma
creatinine. Norlund et al. [13] have similarly observed that the
difference in tHcy between genders disappeared when men and
women were stratified by serum creatinine values.

So what accounts for the modest difference in tHcy at the
same creatinine level between middle-aged men and women?
The centile figures suggest that it does not reflect a renal or a
folate effect, since it persists in the folate-replete and healthy
subgroups. The fact that tHcy is compared at the same crea-
tinine level may control for the difference in muscle mass bet-
ween men and women. Previous studies point to the difference
in estrogen [38] between genders, being consistent with the
postmenopausal estrogen decline attenuating the tHcy differ-
ence between men and women, as observed in our elderly
group. Another less extensively investigated hypothesis
involves more efficient homocysteine remethylation in women
[36].

When examining the age effect, the tHcy upper limit was 2—
5 pmol/L higher in elderly than in middle-aged individuals at
the same plasma creatinine in all three population samples.
While this may imply that the increase of tHcy with age is not
solely a renal effect, it is important to note that muscle mass
decreases with age [39], and thus, creatinine would probably
have decreased, had it not been for the decline in renal clear-
ance. Therefore, decreased renal clearance may still be the
strongest cause of tHcy increase with age. The age-related
decline in the activity of cystathionine (-synthase that
catalyses the first step of homocysteine transsulfuration [40],
and intracellular functional B-vitamin deficiency [41] may also
play a role.

Homocysteine as a biomarker for B-vitamin deficiency

Use of tHcy to identify preclinical folate and vitamin B12
deficiency has been recommended on the grounds that tHcy is a
more sensitive marker than the levels of the B-vitamins
themselves or the hematological or neurological sequelae
[1,42]. But what cutoff levels should we use? Most studies use
thresholds between 12 and 20 pmol/L, based on different
definitions. Many exclude people with elevated serum creati-
nine, and use fairly low percentile cut-off. For example, Clarke
et al. [43], in their population-based study on 1562 men and
women above 65 years, used a tHcy cutoff of 15 umol/L to
identify functional vitamin B12 deficiency. This corresponded to
the 80th percentile in their population where subjects with
creatinine >100 umol/L had been excluded. Not surprisingly,
the prevalence of folate and vitamin B12 deficiency was high. In
our older population, the marked variation of tHcy with
creatinine means that it is crucial to take creatinine levels into
account when interpreting the implications of higher tHcy
values. In elderly men, for example, the upper limit of tHcy
showed an increase of nearly 8 pmol/L from the 2.5th to 97.5th
percentiles of creatinine. Thus the upper limit for elderly subjects
was not a single value, but rather a range that depended on
plasma creatinine. In our study, this range extended from 16 to
23 umol/L in folate-replete subjects, and from 20 to 28 pmol/L
in the total population. In middle-aged subjects, on the other
hand, the difference in the upper limit of tHcy from the lower to
upper limits of creatinine was modest (~ 3 pmol/L) for both men
and women, suggesting that, for this age group, interpretation of
high tHcy results could directly focus on B-vitamin status.

In conclusion, we have presented data on reference intervals
of tHcy according to creatinine, age, gender, and health status.
The nomograms revealed that the age effect on tHcy can only
partly be explained by age-related increase in creatinine, while
the gender effect is to a significant extent related to differences
in creatinine. Compared to the whole population, healthy sub-
jects have lower tHcy, which is mostly explained by a lower
creatinine. Adequate folate status is associated with lower tHcy
levels independent of the creatinine levels. Overall, our results
indicate that when assessing tHcy status in older subjects, it is
particularly important to consider the creatinine levels.
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