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a b s t r a c t

Purpose. – To compare blood T1 estimation approaches used for quantifying cerebral blood flow (CBF)
with arterial spin labeled (ASL) perfusion MRI in a developmental cohort of chronic kidney disease (CKD)
patients with anemia and a control group.
Methods. – 61 patients with CKD and 47 age-matched control subjects were studied. Blood T1 approaches
included: (1) a fixed value, (2) estimation based on measured hematocrit (Hct), and (3) estimation based
on Age + Sex using a published formula. Resulting T1 and CBF values were compared along with group,
age and sex effects.
Results. – Highly significant group differences in CBF using fixed blood T1 were reduced when Hct-
corrected blood T1 was used, and were eliminated entirely when using the Age + Sex estimated approach.
In the control cohort, fixed T1 method showed the strongest correlations of CBF with age and sex. Hct-

corrected T1 preserved a significant correlation between CBF and age and sex, while Age + Sex estimated
T1 produced a poor fit of CBF with age and sex.
Conclusions. – Blood T1 estimation method can confound the interpretation of CBF changes measured
using ASL MRI in patients with CKD. Blood T1 should ideally be corrected for hematocrit effects in clinical
populations with anemia.

© 2018 Elsevier Masson SAS. All rights reserved.
ntroduction
Arterial spin labeling (ASL) employs radiofrequency and mag-
etic field gradient pulses to magnetically label the spins of the
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flowing arterial blood allowing tissue perfusion to be quantified
without using extrinsic contrast agents [1]. However, various tech-
nical factors need to be considered for accurate implementation
of this technique in clinical applications [2,3]. High field MRI can
increase the signal-to-noise ratio (SNR) and the proton labeling
time due to the increased T1 of labeled blood [4]. The post-labeling
delay (PLD) or TI also needs to be sufficiently short to avoid excess
relaxation of the labeled protons and be longer than arterial tran-

sit time (ATT) to give enough time for the labeled protons to reach
the capillaries and suppress most of the intravascular signal in ASL.
The range of ATT depends on age, so the PLD should be adjusted
accordingly in pediatric applications [5].
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Table 1
Subject age and hematocrit mean (SD) by groups and sex.

Group (n) Sex (n, %) Age HCT (%)

CKD (61) Male (42, 69%) 14.54 (2.70) 38.49 (4.88)
Female (19, 31%) 14.80 (2.03) 36.97 (5.19)
0 H.-S. Liu et al. / Journal of N

One key parameter linking ASL signal changes to quantitative
erfusion is the longitudinal relaxation time (T1) of arterial blood,
hich is used to correct for signal decay of the magnetically labeled

lood water between labeling and imaging. In routine clinical set-
ings of ASL quantification, blood T1 is often assumed to be a fixed
alue [6,7] or sometimes modeled value based on age and sex
8]. An alternative strategy is to calculate blood T1 based on mea-
ured hematocrit [6] since blood T1 depends on hematocrit [9,10].
his may be particularly important for studies involving patients
ith anemia since reduced Hct can prolong the T1 of arterial

lood [9].
Chronic kidney disease (CKD) is characterized by a progres-

ive loss in kidney function over a period of months or years and
esults in a number of systemic complications including anemia
ue to a decrease in erythropoietin production [11]. It affects 12%
f US adults and is associated with increased risks of stroke and
ementia [12,13]. Previous studies have suggested a link between

mpairment in kidney function and cognitive impairment medi-
ted through vascular mechanisms [12]. Given the high incidence
f cardiovascular disease in CKD and the associations between
KD and neurological dysfunction [14–16], further characteriza-
ion of cerebrovascular function in CKD is highly relevant. The
ntirely noninvasive nature of ASL MRI without requirement for
ontrast administration also makes it particularly well suited to
tudy the population with kidney dysfunction such as CKD in whom
adolinium contrast is contraindicated [17,18]. However, existing
ata on CBF in CKD are limited, particularly for pediatric CKD.
xamining cerebrovascular function in a pediatric population with
KD provides the potential to dissociate CKD effects from those
f associated chronic hypertensive vasculopathy which is often
consequence of age-related disorders. A few recent studies of

dult CKD have shown increased CBF in CKD [13,19], however,
ct was not assessed and corrected in their ASL CBF measure-
ents, and especially prominent correlation of CBF with Hct was

oted [19].
In the present study, we evaluated and compared pseu-

ocontinuous ASL CBF measurements in a cohort of children
nd young adults with CKD and controls modeled using three
ost commonly used approaches for blood T1; a fixed blood

1 value of 1664 ms derived from the literature [6,7], a Hct-
orrected value based on a concurrently acquired complete
lood count [6], and an estimated value based on a pub-

ished formula that includes age and sex [8]. To further assess
he validity of derived CBF values using these approaches, we
lso tested for expected age and sex effects in the control
ohort.

ethods

articipants

Sixty-one patients with any stage of CKD II–V (defined as esti-
ated glomerular filtration rate, eGFR < 90 ml/min/1.73 m2 using
odified Schwartz formula, on dialysis, and post-transplant)

nd 47 age-matched control subjects were included in this
tudy (Table 1 and supplementary materials). Participants in
he typically developing control group had no reported per-
onal history of CKD, nor any reported history of other
eurological or psychiatric conditions. Laboratory data of com-
lete blood count were collected from each participant on the

ame day that ASL MRI was carried out. Informed consent
as obtained from all participants and their caregivers with

pproval from the ethics committee of the Children’s Hospital of
hiladelphia.
Control (47) Male (23, 48.9%) 14.65 (2.31) 42.88 (4.28)
Female (24, 51.1%) 14.08 (2.98) 39.43 (3.21)

Data acquisition

ASL data
MRI data were acquired on a 3-T whole-body Siemens

Verio scanner (Erlangen, Germany) with an 8-channel receive-
only head coil and body coil transmission. High-resolution
structural MRI (MPRAGE sequence, 0.9 mm × 0.8 mm × 0.8 mm,
TR/TE = 2000/3.3 ms) data were collected for each participant. Rest-
ing CBF measurements were acquired using pseudocontinuous ASL
[20] (see supplementary materials).

Data processing and analysis

ASL CBF data
MRI data were processed using statistical parametric mapping

(SPM8) and customized MATLAB scripts (The Mathworks Inc., Nat-
ick, MA). CBF maps were calculated using a modified perfusion
data processing toolbox, ASLtbx [21]. Global CBF values of whole
brain (WB), gray matter (GM), and white matter (WM) areas were
obtained from non-normalized segmented images.

Blood T1 values were estimated using three different
approaches: (1) a fixed value of 1664 ms for all subjects at a typ-
ical human Hct of 0.42 as reported [6,7], (2) Hct-based using the
equation derived by Lu et al. [6]; T1 = 1/(0.52*Hct + 0.38) based on
a Hct measurement performed at the time of the MRI scan, and
(3) Age + Sex based using the method derived by Wu et al. [8];
(T1 = 2115.6 − 21.5*age − 73.3*sex, where sex = 1 for males and 0
for females).

Statistical analysis

Demographics and clinical measurements collected from the
CKD and control subjects were compared using generalized linear
models (GLM) with group, sex and group × sex as the independent
variables. The Chi-squared test or the Fisher’s exact test was used
for comparing categorical variables. Linear mixed-effects regres-
sion modeling was used to compare T1 and CBF values from the
three methods of calculation. The SAS Proc Mixed procedure was
employed with T1 and CBF values as the dependent variable, blood
T1 estimation method as the independent variables and the three
different methods as the within-subjects factor. Study groups (CKD
vs control) and sex (male vs female) are the between subject
independent variables and considered as a fixed effect, while the
intercepts were defined as a random effect. Two and three inter-
actions terms between calculation method, group, and sex were
added as independent variables. Prior to conducting statistical test-
ing, each outcome measure was carefully examined to identify
outliers and to determine whether the assumptions needed for
parametric testing were met. An alpha level of 0.05 was set as
our threshold for significant values for these comparisons. The SAS
software version 9.4 and SPSS software version 20.0 were used to
conduct the analyses.

Univariate associations between measurements of Hct, age and

sex were analyzed using Spearman correlation in the control
cohort. To evaluate the effects of age and sex on CBF using three
different T1 methods, separate multiple regression analyses were
conducted to determine whether calculated CBF was associated
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ith age and sex in the control cohort. CBF was treated as the
ependent variable and age and sex as the independent variables

n the regression analysis. As age and sex effects are known mod-
lators of CBF and Hct in normal brain development [22–24], an
bservation of significant correlations of CBF with age and sex sup-
orts the validity of derived CBF values. However, children with
KD are known to show altered developmental trajectories [25].
ccordingly, Spearman correlation and multiple regression anal-
ses testing for age effects on CBF were only carried out in the
ontrol cohort. A multivariable linear regression was also carried
ut in control subjects to derive a model of blood T1 change as a
unction of age and sex using Hct-corrected T1 as the dependent
ariable. T1 was treated as the dependent variable and age and sex
s the independent variables [8].

esults

Table 1 summarizes demographic information on the study
ohort. The CKD group included a significantly higher proportion
f males than the control group (Fisher’s exact test P = 0.0476).
o other demographic differences or interactions were observed.
KD patients had significantly lower Hct as compared with
ontrol subjects (38.01 ± 4.98 vs 41.12 ± 4.12) (F1, 104 = 14.41,
= 0.0002). Females also had significant lower Hct level than males

38.35 ± 4.33 vs 40.04 ± 5.10) (F1, 104 = 7.54, P = 0.0071), but no sig-
ificant group × sex interaction was seen for Hct (F1, 104 = 1.15,
= 0.2860).

Table 2 shows the results of calculated blood T1 and CBF val-
es for each subgroup obtained using the three different blood
1 estimation methods. On average, the Age + Sex based method
enerated higher estimated blood T1 values as compared with the
xed literature-based T1 and Hct-based method, and the Hct-based
ethod generated higher blood T1 values as compared with the

xed T1 method (Table 2). Accordingly, the fixed T1 method gener-
ted higher CBF values than the Hct and Age + Sex based methods,
nd the Hct-based method generated higher CBF values than the
ge + Sex-based method (Table 2).

Table 3 shows results from linear mixed-effects regression
nalyses comparing T1 and CBF values using three different T1
ethods. Estimated GM CBF showed significant effects of method,

roup, and interactions of method × group and method × sex
Table 3, P < 0.05). The main effect of sex and the interaction
erms of group × sex and method × group × sex were not significant
Table 3, P > 0.05). For WM CBF, only method and the interac-
ion of method × group were significant (Table 3, P < 0.05). WB CBF
howed significant effects of method, and significant interactions
f method × group and method × sex (Table 3, P < 0.05). This anal-
sis also demonstrated that effects of group and sex on CBF are
ignificantly different when different T1 approaches were used.

Use of a fixed T1 value without considering the effect of Hct pro-
uced the strongest group differences in GM and WB CBF between
KD and controls (Fig. 1), but these differences represent both true
BF effects and Hct effects on ASL CBF quantification. Use of Hct-
orrected T1 still showed significant group differences in GM and

B CBF (Fig. 1). Age + Sex estimated T1 did not yield any significant
roup differences (Fig. 1). In controls, females showed higher CBF
alues as compared with males using all of the T1 methods, though
ignificant differences using fixed T1 (Fig. 1 and Table 2) were no
onger present using the Hct-based corrected T1 method (Fig. 1)
nd the Age + Sex based T1 method (Fig. 1). Sex differences in CBF

ere not present in CKD using any of the models (Fig. 1).

There were strong correlations between Hct and age (Spear-
an correlation, rho = 0.50, P < 0.001), and between Hct and sex

Spearman correlation, rho = 0.38, P = 0.01) in our control subjects. Ta
b
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Fig. 1. CBF measurements using three different T1 methods (fixed T1, Hct based, and Age + Sex based) in each subgroup (males and females in CKD, and males and females
in controls). A. gray matter (GM), B. white matter (WM) and C. whole brain (WB) areas. *P < 0.05.
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Table 3
Results of linear mixed-effects regression comparing T1 and CBF values obtained using three different blood T1 estimation methods.

T1 GM CBF WM CBF WB CBF

F-value P-value F-value P-value F-value P-value F-value P-value

Method 119.33 <.0001 51.74 <.0001 1778.05 <.0001 709.80 <.0001
Group 4.78 0.0299 7.62 0.0063 3.80 0.0527 2.98 0.0857
Sex 27.85 <.0001 0.80 0.3728 0.94 0.3341 0.23 0.6313
Method × group 12.25 <.0001 16.27 <.0001 4.88 0.0085 6.85 0.0013
Method × sex 16.55 <.0001 8.46 0.0003 0.79 0.4563 3.23 0.0417
Group × sex 1.04 0.3081 2.11 0.1480 1.84 0.1761 2.29 0.1318
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Method × group × sex 0.68 0.5640 1.01

M: gray matter, WM: white matter, WB: whole brain.

Table 4 shows regression results obtained in the control cohort
or CBF with age and sex using the three different T1 methods.
imilar to group effect findings, the fixed T1 method showed
he strongest correlations of CBF with age and sex. However,
se of Hct-corrected T1 still resulted in a significant correla-
ion between CBF and age and sex. Use of Age + Sex estimated
1 produced a poor fit of CBF with age and sex with no sig-
ificant correlations observed. In the control cohort, both age
nd sex showed a significant correlation with Hct derived blood
1 (P = 0.0015 and P = 0.0050, respectively). The fitted regression
ine was: T1 = 1817 − 8.2*age − 37.4*sex (F = 11.1, P = 0.0001; Sex:

ale = 1, female = 0).

iscussion

In the present study, we evaluated three commonly used
pproaches in the clinic for estimating blood T1 for quantitative
BF modeling using ASL MRI data obtained from a cohort of children
nd young adults with CKD and controls. We observed significant
ifferences in blood T1 depending on the approach used, leading to
ifferent findings for both sex and group differences in CBF. Highly
ignificant group differences in CBF observed with method of fixed
lood T1 were reduced when Hct-corrected blood T1 was used.
se of Hct-corrected T1 still showed significant group differences

n GM and WB CBF. Increased CBF seen in CKD likely driven by
heological effects of anemia [26]. Group differences in CBF were
liminated entirely when using the Age + Sex estimated approach,
espite expected effects of anemia on CBF in CKD. Our findings
ighlight the importance of blood T1 in ASL CBF quantification,
specially for patients such as CKD who have significant alterations
n Hct. Hct-corrected blood T1 minimized spurious correlations of
BF with Hct while preserving expected correlations between CBF
nd Hct. Residual group effects of CKD on ASL CBF after Hct cor-

ection likely reflects true hyperperfusion rather than artifactual
yperperfusion due to T1 underestimation. The absence of sex dif-

erences in CBF in patients with CKD may reflect delayed sexual
ifferentiation that is known to occur in children with CKD [25], or

able 4
tatistical results from multiple regression analyses of age and sex effects on CBF values i

Fitted regression model se

Fixed T1 GM CBF = 95.21 – 1.68 age – 5.2
WM CBF = 44.92 – 0.83 age – 2.1
WB CBF = 83.35 – 1.58 age – 4.5

HCT based T1 correction GM CBF = 85.22 – 1.16 age – 2.6
WM CBF = 39.56 – 0.54 age – 0.9
WB CBF = 74.88 – 1.14 age – 2.3

Age + Sex based T1 correction GM CBF = 77.46 – 0.86 age – 2.2
WM CBF = 35.49 – 0.38 age – 0.6
WB CBF = 68.36 – 0.88 age – 2.0

M: gray matter, WM: white matter, WB: whole brain.
0.3871 1.08 0.3606 0.89 0.4464

alternatively may be attributed to reduced sex differences in Hct,
which has direct rheological effects on CBF [26].

A recent report on children with sickle cell disease (SCD) also
compared CBF values derived using different blood T1 approaches
[27], including an MRI method for measuring T1 in the sagittal sinus
in vivo [28]. They also found that CBF varied significantly with blood
T1 approach, and recommended using either a disease-specific
fixed value, or MRI measured blood T1 value. In that work, which
did not include a control group, correlations with CBF derived from
phase contrast MRI [29] were used to evaluate T1 estimation strate-
gies. However, we recently reported that CBF from phase-contrast
MRI is likely not an effective “gold standard” for calibration of ASL
CBF [30]. In addition, in the SCD study the MRI measured blood
T1 did not correlate with Hct [27], as would be expected [10]. The
authors attributed the discrepant relationship between T1 and Hct
to altered red cell membranes and viscosity changes particular to
SCD. In contrast, Hct changes in CKD are due to a decrease in ery-
thropoietin production [11]. Unfortunately, our multimodal MRI
protocol for CKD did not include either MRI measured blood T1 or
phase contrast MRI, so we are unable to report on either the corre-
lation between MRI measured blood T1 and Hct derived blood T1 or
the correlations between our various T1 estimation methods and
CBF derived from phase contrast MRI.

We included a control cohort to further access the effects of age
and sex on CBF as a means of comparing different T1 approaches
as age and sex effects are known modulators of CBF [22,23]. Our
control cohort demonstrated significant correlations between Hct
and age, and between Hct and sex, though in the case of fixed T1
these correlations of CBF with age and sex likely reflected underly-
ing correlations between Hct and both age and sex. Hct-corrected
blood T1 method still resulted in a significant correlation of CBF
with age while the Age + Sex blood T1 method [8] produced much
poorer fits. Taken together, these results suggest that Hct-corrected
blood T1 provides a more optimized measure of true CBF effects in

age and sex.

Data from our control cohort also provided an improved fit to
the prior model of Wu et al. [8] by showing significant effects of
both age and sex on T1 values and an improved overall fit. However,

n control cohort using three different T1 methods.

x: male = 1, female = 0 P-value for age P-value for sex

5 sex (F = 8.42, P < 0.001) 0.002 0.05
2 sex (F = 6.86, P = 0.003) 0.003 0.13
3 sex(F = 12.05, P < 0.001) <0.001 0.03
9 sex (F = 3.99, P = 0.03) 0.02 0.28
1 sex (F = 2.84, P = 0.07) 0.03 0.49
9 sex (F = 6.49, P = 0.003) 0.002 0.21
8 sex (F = 2.23, P = 0.12) 0.08 0.36
6 sex (F = 1.40, P = 0.26) 0.13 0.61
3 sex (F = 3.72, P = 0.03) 0.02 0.30
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odeling of sex as a fixed offset is probably not ideal because sex
ffects likely only occur after puberty [31]. Nonetheless this model
pproximates the data reasonably well, and can be used for healthy
evelopmental cohorts when concurrent Hct data are not avail-
ble. A larger developmental cohort including more peripubertal
ubjects of both sexes would be needed to develop a more accu-
ate model including effects of puberty and further studies should
pply corrected CBF from T1 correction in a cohort of adults from
ifferent ages with CKD and controls. Estimation of blood T1 from

ndividual Hct has been suggested by others as a good alternative
hile blood T1 sequences and their postprocessing tools are not

eadily available on most MR platforms [32].
In conclusion, our findings demonstrate that different T1 blood

stimation methods in ASL technique can significantly alter appar-
nt CBF changes in patients with CKD, and likely any populations
ith varying hematocrit. Our finding underscores the importance

f accounting for Hct in ASL MRI quantification since Hct changes
re commonly seen in nearly all patient populations.
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27] Václavů L, van der Land V, Heijtel DFS, van Osch MJ, Cnossen MH, Majoie CB,
et al. In vivo T1 of blood measurements in children with sickle cell disease
improve cerebral blood flow quantification from arterial spin-labeling MRI. Am
J Neuroradiol 2016;37(9):1727–32.
28] Varela M, Hajnal JV, Petersen ET, Golay X, Merchant N, Larkman DJ. A method
for rapid in vivo measurement of blood T1. NMR Biomed 2011;24(1):80–8.

29] Aslan S, Xu F, Wang PL, Uh J, Yezhuvath US, van Osch M, et al. Estimation of
labeling efficiency in pseudocontinuous arterial spin labeling. Magn Reson Med
2010;63(3):765–71.
adiology 46 (2019) 29–35 35

30] Dolui S, Wang Z, Wang DJ, Mattay R, Finkel M, Elliott MA, et al. Comparison
of non-invasive MRI measurements of cerebral blood flow in a large multisite
cohort. J Cereb Blood Flow Metab 2016;36(7):1244–56.

31] Giedd JN, Clasen LS, Lenroot R, Greenstein D, Wallace GL, Ordaz S, et al.
Puberty-related influences on brain development. Mol Cell Endocrinol
time of blood: implications for arterial spin labelling MRI. Neuroimage Clin
2014;4:517–25.


	Effect of blood T1 estimation strategy on arterial spin labeled cerebral blood flow quantification in children and young adults with kidney disease
	Introduction
	Methods
	Participants
	Data acquisition
	ASL data

	Data processing and analysis
	ASL CBF data

	Statistical analysis

	Results
	Discussion
	Disclosure of interest
	Funding
	Acknowledgements
	Appendix A Supplementary data
	References


