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ABSTRACT 

Background. Chronic kidney disease ( CKD) is a significant risk factor for cerebrovascular disease. However, there is 
limited research on how successful living donor kidney transplantation ( LDKT) affects cerebral blood flow ( CBF) . This 
study aims to comprehensively investigate how LDKT influences CBF across various brain levels and regions. 
Methods. Data from 53 recipients between 2016 and 2020 were obtained from the VINTAGE study conducted at our 
hospital. CBF was measured by level and region using single-photon emission computed tomography ( SPECT) , according 
to the Talairach brain atlas. The primary endpoint was the mean difference in CBF before and 1-year post-LDKT. 
Subgroup analysis using traditional risk factors assessed the heterogeneity of the effect on CBF in the frontal lobe region. 
Results. LDKT improved blood flow in the anterior cerebral artery and middle cerebral artery but had less impact on the 
posterior cerebral artery. The most consistent improvements were observed in the frontal lobe region {left frontal lobe: 
−0.12 [95% confidence interval ( CI) −0.18 to −0.05], P < .001; right frontal lobe: −0.13 [95% CI −0.21 to −0.05], P = .001}. 
Subgroup analysis showed a consistent effect of LDKT on frontal lobe CBF improvement, with no qualitative interaction 

observed. 
Conclusions. LDKT contributes to the normalization of CBF, with improvement in anterior circulation and frontal lobe 
blood flow. To clarify the clinical significance of KT’s CBF-improving effect, future studies should investigate the 
relationship between specific cognitive impairments ( e.g. short-term memory, visuospatial ability, executive function) 
and CBF in each perfusion region. 
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Conclusion: LDKT contributes to normalization of CBF, with significant CBF
improvement in the anterior circulation.

Cerebral blood flow following successful living
kidney transplantation: the VINTAGE study

Chronic kidney disease is a major risk factor for cerebrovascular disease and cognitive function. There is limited 
research on how successful living donor kidney transplantation (LDKT) affects cerebral blood flow (CBF).

Methods Results

Observational study of 53 LDKT
recipients, 2016–2020

Endpoint:
Change in cerebral blood flow

CBF measurement:
Single-photon emission
computed tomography (SPECT)

Pre-LDKT 1 year

Before After

LDKT

CBF

Anterior and middle cerebral artery: Increase
Posterior cerebral artery: Decrease

Keywords: cerebral blood flow, cognitive function, frontal lobe, kidney transplantation, single-photon emission 

computed tomography 

KEY LEARNING POINTS 

What was known: 

• Dialysis patients have been shown to have reduced cerebral blood flow and cognitive function.
• Kidney transplantation ( KT) has been shown to improve these conditions.
• There are limited studies that have comprehensively evaluated cerebral blood flow after KT.

This study adds: 

• The effect of kidney transplantation on cerebral blood flow improvement was not necessarily homogeneous across all brain 
regions.

• Anterior cerebral blood flow improves with bilateral improvement to the frontal lobes.

Potential impact: 

• In the future, by clarifying the relationship between the degree of each cognitive impairment and the CBF of each perfusion 
area, it may be possible to elucidate the clinical significance of the CBF-improving effect of KT.
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NTRODUCTION 

hronic kidney disease ( CKD) is a major independent risk fac- 
or for cerebrovascular disease [1 –4 ]. Dialysis is associated with 
educed cerebral blood flow ( CBF) , which may partly explain the 
igh prevalence of stroke and cognitive impairment in dialysis 
atients [5 ]. According to the Japanese Society for Dialysis Ther- 
t  
py Renal Data Registry, the proportion of deaths due to cardio- 
ascular disease in 2020 was 32.0% [6 ]. 

Kidney transplantation ( KT) reduces the incidence of cere- 
rovascular events compared with dialysis [7 , 8 ]. Also, previous 
eports show that KT improves cognitive function in dialysis 
atients. This suggests that KT contributes to improving CBF in 
he frontal lobe region [9 , 10 ]. However, there are only a limited
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umber of studies that comprehensively and in detail examine 
he changes in CBF in kidney transplant recipients ( KTRs) before 
nd after KT, and it remains unclear whether KT improves CBF
niformly. The pathophysiology of the kidney–brain relation- 
hip remains a poorly understood area. Thus it has been noted
hat the possibility that cognitive decline after KT is partially
eversible needs to be further empirically investigated [11 ]. 

This study aims to clarify detailed changes in CBF by level
nd region ( Talairach brain atlas) before and after living donor 
idney transplantation ( LDKT) . The primary endpoint is the 
ean difference in CBF before KT and after 1 year, as measured
sing quantitative single-photon emission computed tomogra- 
hy ( SPECT) . 

ATERIALS AND METHODS 

tudy population 

 total of 53 patients who underwent LDKT and SPECT from
016 to 2020 were consecutively selected from the Visualizing 
he Pathophysiology of Kidney Transplantation in Modern Age 
 VINTAGE) study. Briefly, the VINTAGE study is an ongoing ob- 
ervational cohort study combining retrospective and prospec- 
ive data conducted at the Kidney Disease and Transplant Cen-
er and the Kidney Transplant and Robotic Surgery Center of
honan Kamakura General Hospital. This study was approved by 
he relevant ethics committee ( approval number TGE02305-024) 
nd conducted in accordance with the Declaration of Helsinki 
nd the Declaration of Istanbul on Organ Trafficking and Trans-
lant Tourism. Informed consent was obtained through an opt- 
ut procedure, where KTRs were given the opportunity to opt
ut via an information sheet or the hospital website. 

mmunosuppression and desensitization 

ur regimen incorporates mycophenolate mofetil ( MMF) and 
ethylprednisolone ( MP) , with prolonged-release tacrolimus 

 PR-TAC) initiated 8 days pre-transplant at 0.10 mg/kg/day. Dose 
djustments aim for trough levels of 8–10 ng/ml at the time of
T, 6–8 ng/ml for 1–2 months post-KT, then 4–5 ng/ml there-
fter. MMF is initiated at 1500–2000 mg/day, 8 days pre-KT, and
educed to 1000–1500 mg/day postoperatively based on white 
lood cell count. MP starts at 20 mg/day, 8 days pre-KT, increases
o 500 mg on surgery day, then tapers to 6-8 mg/day within 1–
 months post-KT. Basiliximab induction is administered on the 
ay of surgery and postoperative day 4. Desensitization with rit-
ximab and double filtration plasmapheresis may be considered 
or recipients with ABO/human leucocyte antigen ( HLA) incom- 
atibility or sensitization due to previous pregnancy, transplant 
r transfusion, based on individual clinical assessment. 

23 I-IMP brain SPECT examination 

he SPECT examination was performed approximately 4–7 days 
efore KT. After intravenous injection of 185 MBq ( 5 mCi) of 123 I- 
MP ( iodoamphetamine) into the KTR, SPECT data were collected 
or 21 minutes starting 15 minutes after injection. The images
ere taken using a Siemens e.cam gamma camera ( Siemens,
unich, Germany) [12 ]. 

tatistical brain image analysis 

BF in each brain region was assessed using three-dimensional 
tereotactic surface projection ( 3D-SSP) image analysis software 
 iSSP version 3.5, Medi-Physics, Tokyo, Japan) [13 ] and the stereo-
actic extraction estimation ( SEE) method [14 ]. For 3D-SSP, fol-
owing image reconstruction, pixel values from anatomically 
tandardized KTR SPECT data were normalized to the whole-
rain mean and compared with a similarly constructed normal
atabase ( NDB) . A Z-score was calculated for each pixel as fol-
ows: Z-score = [( NDB mean) − ( KTR data) ]/[NDB standard de-
iation ( SD) ]. For SEE, anatomical information corresponding to 
rain coordinates was integrated with the Z-scores from the 3D-
SP to calculate regional Z-scores. As indicated by the Z-score
ormula, a Z-score of 1 signifies that the KTR’s CBF is 1 SD lower
han the normal mean. Higher Z-scores represent lower regional
BF in the KTR, while lower Z-scores indicate CBF within the nor-
al range. 

rimary endpoint 

he primary outcome measure was the mean difference in CBF,
.e. the mean of ( Z-score after 1 year) − ( Z-score before KT) , with
egative values indicating improvement in CBF, zero indicating
o change and positive values indicating deterioration. 

ower and sample size analysis 

ssuming a mean difference in CBF before and after KT of 0.1, an
D of 0.25, a pre–post correlation of 0.6, a significance level of 0.05
 two-sided) and a desired power of 80%, the minimum required
ample size was 42. The actual power of this study, involving 53
TRs, was 89%. Parameters for the sample size calculation were
ased on findings from our previous study [12 ]. 

tatistical analysis 

nalyses were performed using SAS version 9.4 TS1M7 ( SAS In-
titute, Cary, NC, USA) . Data were summarized as frequencies,
ean ± SD or median [interquartile range ( IQR) ]. Differences in
hanges in laboratory values were assessed using paired t -tests
or normally distributed data and Wilcoxon signed-rank tests
or skewed distributed data. Normality was assessed with the
hapiro–Wilk test. Point estimates of mean differences of re-
ional CBF were displayed as forest plots with 95% confidence
ntervals ( CIs) and P -values by paired t -tests. Subgroup analy-
is was performed based on medical history and comorbidities
 traditional risk factors) to assess potential heterogeneity in the
ffect of KT on CBF. Student’s unpaired t -test was used to ex-
mine the heterogeneity of CBF changes between subgroups.
quality of variance was assessed by the F test. A two-sided P -
alue < .05 was considered statistically significant. All analyses
ere performed by an independent data centre ( STATZ Institute,
okyo, Japan) . 

ESULTS 

haracteristics of study participants 

able 1 summarizes the characteristics of the 53 KTRs. The
ean age of recipients was 55 ± 12 years and the mean age
f donors was 59 ± 11 years. Male recipients comprised 66%
f the population, while female donors represented 60%. The
edian dialysis duration was 12 months, with 42% receiving
re-emptive KT. Spouses were the most common donor type.
iabetes was the most frequent underlying disease ( 32%) . In-
luded in the study were 7 KTRs ( 13%) with a previous diagno-
is of stroke. One year after KT, the mean estimated glomerular
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Table 1: Characteristics of study participants ( n = 53) . 

Variables Values P -value 

Recipient 
Age ( years) , mean ± SD 54.6 ± 12.4 
Men, n ( %) 35 ( 66.0) 
Body mass index ( kg/m2 ) , mean ± SD 23.4 ± 4.0 
Duration of dialysis ( months) , median 
( IQR) a 

12 ( 2–29) 

Pre-emptive kidney transplant, n ( %) 22 ( 41.5) 
Medical history, n ( %) 

Peripheral arterial disease 5 ( 9.4) 
Ischaemic heart disease 11 ( 20.8) 
Arrhythmia 2 ( 3.8) 
Stroke 7 ( 13.2) 
Malignant tumour 9 ( 17.0) 

Comorbidities, n ( %) 
Hypertension 45 ( 84.9) 
Diabetes 22 ( 41.5) 
Dyslipidaemia 25 ( 47.2) 

End-stage renal disease, n ( %) 
Chronic glomerulonephritis 13 ( 24.5) 
Diabetes mellitus 17 ( 32.1) 
Autosomal dominant polycystic 

kidney disease 
9 ( 17.0) 

Other 14 ( 26.4) 
Histocompatibility, n ( %) 
HLA incompatible 4 ( 7.5) 
ABO incompatible 21 ( 39.6) 

Donor 
Age ( years) , mean ± SD 59.2 ± 10.9 
Women, n ( %) 32 ( 60.4) 
Spouse donor, n ( %) 33 ( 62.3) 

Overall rejection, n ( %) 4 ( 7.5) 
eGFR ( ml/min/1.73 m2 ) , mean ± SD 

Pre 6.1 ± 2.5 < .001 
Post-1 year 42.8 ± 10.2 

Haemoglobin ( g/dl) , mean ± SD 

Pre 11.2 ± 1.3 < .001 
Post-1 year 13.1 ± 1.8 

BUN ( mg/dl) , mean ± SD 

Pre 57.2 ± 16.4 < .001 
Post-1 year 20.2 ± 5.5 

Systolic blood pressure ( mmHg) , mean ± SD 

Pre 140.3 ± 22.1 < .001 
Post-1 year 125.3 ± 12.6 

Diastolic blood pressure ( mmHg) , mean ± SD 

Pre 82.5 ± 13.9 .002 
Post-1 year 76.3 ± 9.5 

HbA1c ( %) , mean ± SD 

Pre 5.7 ± 0.9 .002 
Post-1 year 6.1 ± 0.9 

Total cholesterol ( mg/dl) , mean ± SD 

Pre 171.5 ± 36.7 < .001 
Post-1 year 207.9 ± 39.3 

Triglyceride ( mg/dl) , median ( IQR) 
Pre 120 ( 72–189) .030 
Post-1 year 127 ( 92–200) ] 

fi
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M
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H

Table 2: Immunosuppressant exposure levels. 

Variables Values

PR-TAC trough ( ng/ml) 
Pre-KT SPECT 5.0 ± 2.3 
Immediately before KT 12.9 ± 4.5
2 weeks 8.7 ± 2.5 
1 month 8.3 ± 2.5 
3 months 7.2 ± 1.7 
6 months 5.5 ± 1.6 
1 year 4.9 ± 2.0 

PR-TAC dose ( mg/kg/day) 
Immediately before KT 0.11 ± 0.05 
2 weeks 0.13 ± 0.06 
1 month 0.11 ± 0.05 
3 months 0.10 ± 0.04 
6 months 0.07 ± 0.04 
1 year 0.06 ± 0.03 

MMF dose ( mg/day) 
Immediately before KT 1906 ± 241 
2 weeks 1561 ± 298 
1 month 1448 ± 296 
3 months 1189 ± 416 
6 months 1074 ± 425 
1 years 950 ± 466 

MP dose ( mg/day) 
Immediately before KT 500.0 ± 0.0 
2 weeks 8.2 ± 1.1 
1 month 7.8 ± 0.7 
3 months 6.8 ± 1.9 
6 months 4.2 ± 1.1 
1 year 3.6 ± 0.8 

If pre-KT trough levels were not measured on the day of the SPECT examination, 
the closest available measurement to that time point was used. There was no 

significant difference in TAC trough levels at the time of SPECT pre- and post-KT 
( 5.0 ± 2.3 versus 4.9 ± 2.0 ng/ml; P = .912) . 
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ltration rate ( eGFR) and mean haemoglobin ( Hb) increased to 
2.8 ± 10.2 ml/min/1.73 m2 and 13.1 ± 1.8 mg/dl, respectively.
ean blood urea nitrogen ( BUN) decreased from 57.2 ± 16.4 to 
0.2 ± 5.5 mg/dl. Compared with preoperative values, systolic 
lood pressure and diastolic blood pressure decreased, while 
bA1c, total cholesterol and triglycerides increased. 
mmunosuppressant exposure levels 

able 2 shows the 1-year use of immunosuppressants, demon- 
trating a tapering trend over time for all agents. There was no
ignificant difference in TAC trough levels at the time of SPECT 
re- and post-KT ( 5.0 ± 2.3 versus 4.9 ± 2.0 ng/ml; P = .912) . The
ean PR-TAC trough level decreased from 12.9 ± 4.5 ng/ml im- 
ediately before KT to 4.9 ± 2.0 ng/ml 1 year post-KT. 

verview of blood flow changes in cerebral arteries 

igure 1 highlights changes in mean CBF across three cerebral 
rteries. The posterior cerebral artery ( PCA) , via the vertebral 
rtery, showed a bilateral decrease in CBF. The anterior cerebral 
rtery ( ACA) and middle cerebral artery ( MCA) , via the internal 
arotid artery, showed an increase. Before KT, CBF was higher 
n the left side for all three arteries, with slopes of change from
re- to post-KT being similar for both hemispheres. The right 
CA was most severe pre-KT and the left PCA was mildest. The
CA showed no left–right differences. 

ean CBF changes by level and region 

igures 2 and 3 illustrate detailed CBF changes by level and re- 
ion for the left and right hemispheres, respectively. Among 
he three cerebral arteries, ACA had the greatest improvement 
n CBF [left ACA: −0.09 ( 95% CI −0.17 to −0.02) , P = .014; right
CA: −0.09 ( 95% CI −0.17 to −0.01) , P = .02]. Also, definitive 
mprovements in frontal lobe region were observed bilaterally 
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Figure 1: Overview of blood flow changes in cerebral arteries. A lower Z-score indicates higher CBF, whereas a higher Z-score indicates lower CBF. 
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ith a narrow 95% CI [left frontal lobe: −0.12 ( 95% CI −0.18 to
0.05) , P < .001; right frontal lobe: −0.13 ( 95% CI −0.21 to −0.05) ,
 = .001]. 

ubgroup analyses of CBF changes in the frontal lobe 

ubgroup analysis using traditional risk factors revealed no sta- 
istical heterogeneity in the positive effect of KT on CBF in the
rontal lobe, suggesting a consistent benefit ( Fig. 4 ) . 

ISCUSSION 

his study demonstrated that among the three major cerebral 
rteries, LDKT improved blood flow in the ACA and MCA but
ad a less pronounced effect on the PCA ( Fig. 1 ) . Moreover, de-
ailed exploratory and subgroup analyses revealed consistent 
mprovements in CBF within the frontal lobe region ( Figs. 2 –4 ) . 

The ACA and MCA are supplied by the internal carotid artery,
hile the PCA receives blood flow from the vertebral artery ( VA) ,
ach with distinct perfusion territories. Previous research has 
hown that under hypoxic conditions, the relative increase in VA
lood flow is 50% greater than in other vessels, suggesting differ-
ntial regulation of blood flow to the brainstem and cortex [15 ,
6 ]. This discrepancy in blood flow regulation may explain our
ndings ( Fig. 1 ) , where KT improved CBF in the ACA and MCA but
ad less impact on the PCA, which exhibited relatively good CBF
re-transplant. This suggests that KT may normalize CBF across 
erebral arteries by mitigating the relative increase in PCA blood
ow. 
In this study, no difference was found in TAC trough levels at

he time of SPECT examinations before and after KT ( Table 2 ) . It
s noteworthy that calcineurin inhibitors such as TAC can cause
ndothelial dysfunction and have vasoconstrictor effects. Inter- 
stingly, in their pilot study, Tariq et al. [17 ] reported that re-
ucing TAC trough levels may improve CBF, particularly in the
rontal and parietal regions. 

Hb levels improved post-KT ( Table 1 ) . While Molnar et al. [18 ]
emonstrated a significantly higher mortality rate in anaemic 
ersus non-anaemic groups, several reports have noted an in-
erse correlation between CBF and Hb level [19 ]. Although car-
iorenal anaemia syndrome is well recognized [20 ], the relation-
hip between Hb and brain function in CKD, particularly in KTRs,
emains poorly understood and warrants further investigation.
t present, we cannot exclude the possibility that improvement
n Hb levels may be one of the mechanisms underlying improve-
ent in CBF. 
The marked decrease in BUN following KT may have con-

ributed to the observed CBF improvement ( Table 1 ) . Of note, the
mprovement in CBF was more pronounced in KTRs with higher
UN levels than in those with lower BUN levels ( Fig. 4 ) , suggest-
ng a contribution from the reduction in non-protein nitrogens.
atsuki et al. [21 ] demonstrated that elevated blood urea, a con-
equence of kidney disease, activates matrix metalloproteinase 
, which is implicated in blood–brain barrier dysfunction and in-
reased brain permeability. Their findings suggest that the ac-
umulation of urea and other uraemic toxins, beyond the sim-
le filtration function of the kidneys, may contribute to cognitive
ecline. Additionally, while we have not yet measured protein-
ound uraemic toxins like indoxyl sulphate, p-cresyl sulphate
nd phenyl sulphate in the stored samples, their potential role
annot be dismissed. These toxins, incompletely removed by
aemodialysis, may contribute to CBF impairment, and their re-
uction following KT may also play a part in the observed CBF
mprovements [22 ]. 

Dialysis patients are exposed to metabolic derangements,
hronic inflammation and oxidative stress, in addition to tradi-
ional cardiovascular risk factors. KT has been shown to effec-
ively reduce oxidative stress, thereby mitigating CVD morbid-
ty and mortality through mechanisms such as modifying im-
unologic responses, improving endothelial function, inhibit- 

ng platelet aggregation and reducing arteriosclerosis [23 ]. 
KT has been associated with improvements in cardiac

tructure and function, specifically reverse cardiac remodelling 
24 ], and improved CBF has also been reported following heart
ransplantation [25 ]. From a haemodynamic perspective, it is
lausible that the observed improvement in CBF after KT is
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-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 2: Left-side mean CBF changes by level and region. Levels and areas follow the Talairach brain atlas. A negative mean difference indicates improvement in 
CBF, zero indicates no change and positive indicates deterioration. Light blue indicates areas that showed favourable effects and brown indicates areas that showed 
unfavourable effects. 
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ediated, at least in part, by improved cardiac function. Car- 
iorenal syndrome type 4, or ‘chronic renocardiac syndrome’,
s characterized by CKD as the primary condition leading to 
ecreased cardiac function, ventricular hypertrophy, diastolic 
ysfunction and an increased risk of adverse CVD events 
26 , 27 ]. Ventricular remodelling is well-documented in CKD 

atients [28 ], and severe chronic heart failure has been linked 
o ≈30% reductions in CBF. While further research is needed 
o confirm this concept, our findings may point towards a new 
onceptual framework, the ‘cerebro-cardio-renal syndrome’,
ith potential implications for the clinical management of CKD 

atients. 
Furthermore, it is important to acknowledge that our findings 

nd interpretations are limited to information readily acces- 
ible in routine clinical practice. While factors such as carbon 
ioxide, H+ concentration, oxygen concentration and astrocyte 
ecretions are known to influence CBF physiologically, the 
ctual CBF dynamics in CKD patients are complex. Secondary 
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Figure 3: Right-side mean CBF changes by level and region. Levels and areas follow the Talairach brain atlas. A negative mean difference indicates improvement in 
CBF, zero indicates no change and positive indicates deterioration. Light blue indicates areas that showed favourable effects and brown indicates areas that showed 
unfavourable effects. 
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yperparathyroidism, an overactive renin–angiotensin–
ldosterone system, autoregulation and the prevalence of 
erebral atherosclerotic sites, among other factors, may also 
lay significant roles [24 , 29 , 30 , 31 ]. 
Our results align with previous reports, further supporting 

nd strengthening their findings. Findlay et al. [9 ] observed that
atients who remained on dialysis without undergoing KT ex- 
ibited progressive lobar atrophy in the frontal, parietal and 
emporal lobes, with greater frontal atrophy correlating with 
orsening global cognitive and executive function scores. Sim-
larly, Lepping et al. [32 ] demonstrated that KT can normalize
bnormalities in CBF, neurochemical concentrations and white 
atter integrity in CKD patients. 
This study has several limitations. A lack of cognitive func-

ion data precludes direct correlation analysis between CBF and
ognitive outcomes. The absence of a control group makes at-
ributing observed CBF changes solely to KT challenging with-
ut a comparison group. We used an observational study design,
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Mean
Difference

Left side
Age, year                         

)20.0-ot02.0-(11.0-2306<
> )30.0-ot12.0-(21.0-1206
xeS

Women 18 -0.09 ( -0.22 to 0.04 )
)50.0-ot02.0-(31.0-53neM

ytisebO
)50.0-ot12.0-(31.0-93oN
)40.0ot71.0-(60.0-41seY

Duration of dialysis, mo                         
<12 or PKT 34 -0.14 ( -0.20 to -0.08 )
> )70.0ot12.0-(70.0-9121

Anemia
)10.0ot34.0-(12.0-7oN
)30.0-ot71.0-(01.0-64seY

BUN
<57,mg/dL 27 -0.07 ( -0.16 to 0.02 )
>57,mg/dL 26 -0.16 ( -0.25 to -0.06 )

Hypertension                         
)11.0ot81.0-(40.0-8oN
)60.0-ot02.0-(31.0-54seY

Hyperlipidemia                         
)10.0ot91.0-(90.0-82oN
)70.0-ot22.0-(41.0-52seY

Diabetes                         
)20.0-ot91.0-(01.0-13oN
)30.0-ot32.0-(31.0-22seY

DAP
)50.0-ot71.0-(11.0-84oN
)03.0ot46.0-(71.0-5seY

DHI
)40.0-ot91.0-(11.0-24oN
)20.0ot72.0-(31.0-11seY

ekortS
)60.0-ot02.0-(31.0-64oN
)21.0ot31.0-(10.0-7seY

Right side
Age, year                         
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0.19

0.42

0.59

0.86

0.19

0.83

0.32

0.68

0.74

0.38

0.91

0.89

0.42

0.85

Cerebral blood flow (Z-score) P-value for
heterogeneity

No. of
recipient

0.30

0.21

(95% confidence interval)

Favorable Unfavorable

0.92

0.99

0.58

0.35

0.29

0.30

0.42

0.69

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75

Figure 4: Subgroup analyses of CBF changes in the frontal lobe. PKT: pre-emptive kidney transplantation; PAD: peripheral arterial disease; IHD: ischaemic heart disease. 
Obesity is defined as a body mass index ≥25 kg/m2 and anaemia is defined as haemoglobin levels < 12.0 g/dl in women and < 13.0 g/dl in men. This study was not 
designed to provide robust interval estimates for each stratum of subgroup factors. The 95% CI estimates for subgroup analysis are affected by the reduction in the 

number of cases and should be interpreted with caution. 
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hus if pre-KT trough levels were not measured on the day of
he SPECT examination, the closest available measurement to 
hat time point was used. Although no qualitative heterogene- 
ty was detected in the frontal CBF subgroup analysis, sample
ize calculations based on statistical power for subgroup anal- 
ses are inherently difficult. CBF measurements were limited 
o KTRs without graft failure or death within 1 year, potentially
kewing the results ( immortal bias) . To avoid creating a younger 
ohort, we did not exclude KTRs with a history of cerebrovas-
ular disease. However, regional and racial variations in stroke 
isk among CKD patients may influence the findings [30 , 33 ]. Ad-
itionally, the study’s focus on LDKT recipients with relatively 
hort dialysis duration and a higher rate of pre-emptive LDKT
ay limit the generalizability of the results. 
Despite these limitations, this study remains valuable as one 

f the few to comprehensively and meticulously investigate the 
elationship between KT and CBF. Its strength lies in providing a
etailed assessment of KT’s impact on CBF improvement across 
arious cerebral arteries, stratified by level and region. Future 
tudies should aim to clarify the relationship between specific 
ognitive impairments ( such as short-term memory, visuospa- 
ial ability and executive function) and CBF in each perfusion 
rea, to better elucidate the clinical significance of KT’s CBF-
nhancing effect [34 ]. 

In conclusion, LDKT contributes to the normalization of CBF,
ith improvement in anterior circulation and frontal lobe blood 
ow. However, the precise mechanisms underlying LDKT’s im- 
act on CBF remain to be fully elucidated. Further research is
arranted to investigate these mechanisms and their potential 
linical implications. 
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