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To the Editor,

We appreciate the letter in response to our article [1]. Our 
report revealed that chemical exchange saturation transfer 
(CEST) and magnetic resonance spectroscopy (MRS) using 
7T magnetic resonance imaging (MRI) could detect lactate 
level elevation prior to the formation of cerebral morpholog-
ical abnormalities in Ndufs4 knockout (KO) mice, a mouse 
model of Leigh syndrome [1].

The letter claimed that Ndufs4 KO mice investigated in 
the present study do not represent an animal model of Leigh 
syndrome. We performed MRI and CEST in the mice when 
they were 6 weeks of age. They did not show any lesions in 
T2-weighted MRI (T2WI), but at around 8 weeks of age they 
manifested Leigh syndrome features with 100% penetrance. 

Ndufs4 KO mice that we used in this study were produced 
and well established as a model of Leigh syndrome by the 
Palmiter Laboratory at the University of Washington [2, 3]. 
A model of Leigh syndrome is characterized by failure to 
thrive, generalized hypotonia, developmental delay, central 
respiratory compromise, ataxia, and epilepsy [4], as well 
as bilateral and symmetrical necrotic lesions in the basal 
ganglia and brainstem, which appear as hyperintense lesions 
on T2WI [5]. All the features were reproduced in the envi-
ronment in our animal facility. Therefore, we conclude that 
Ndufs4 KO mice are an appropriate animal model of Leigh 
syndrome. The point we claim is that the increase in cerebral 
lactate level on MRS reflects an early stage of the disease 
before morphological abnormalities are detectable on T2WI.

Actually, in our previous study, we performed serial 
measurement of brain MRI and MRS. Brain MRS was 
performed in the Ndufs4 KO mice and control mice at age 
5–9 weeks using 7T MRI. In KO mice that survived until 
9 weeks of age, both MRS and T2WI were longitudinally 
performed in the same individuals at 5, 7, and 9 weeks. 
Brain MRS demonstrated increased lactate levels in KO 
mice than in control mice. The increased intracerebral lac-
tate levels could be observed at 5 weeks of age, whereas no 
obvious abnormal findings were detected in T2WI (Fig. 1a). 
Longitudinal MRS experiments revealed a temporal increase 
of intracerebral lactate levels, which peaked at week 7, fol-
lowed by a decrease at week 9. During this period, further 
disease progression with brain lesions was detected on T2WI 
[5]. Serial T2WI of the brain revealed no abnormal lesions 
in KO mice at 5 weeks of age (Fig. 1a). However, at 9 weeks 
of age, bilateral and symmetrical lesions were detected in 
the postlateral portion of the brainstem in the KO mice only.

Our non-invasive imaging of cerebral lactate using 
CEST and MRS is useful for diagnosing some of mito-
chondrial disorders; however, there are mitochondrial 
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disorders without cerebral involvement or mitochondrial 
disorders without elevation of cerebral lactate levels, as 
Finsterer pointed out. However, it should be noted that 
assessment of intracerebral lactate levels using 1H MRS is 
the most widely used and possibly useful method to evalu-
ate mitochondrial disease activity in clinical settings [6, 
7]. In addition, we used brain proton MRS in Ndufs4 KO 
mice to investigate whether they were appropriate animal 
models of Leigh syndrome by monitoring their intracer-
ebral lactate levels as a biomarker of mitochondrial disease 
progression [5].

The letter said that we should discuss why MTR asym-
metry was mapped at offset frequencies of 3.0 or 3.5 ppm. 
As we discussed in previous reports [1], it is necessary 
to carefully consider the effects of nuclear Overhauser 
enhancement on CEST around 3.5 ppm. There was no 
alteration of glutamate in the homozygous Ndufs4 KO 
mice. This suggests that the CEST signal from glutamate 
at around 3.0 ppm and APT at around 3.5 ppm did not 
affect glutamate levels or other metabolites in the KO 
mice.

We performed MRI at the same temperature because 
CEST imaging may be temperature dependent [1]. In the 
Materials and methods section of our reports, body tem-
perature was reported to be maintained at 36.5 °C with 
regulated water flow and continuously monitored using a 
physiological monitoring system (SA Instruments, Inc., 
Stony Brook, NY, USA) [1, 5]. In addition, MRI was per-
formed with the mice under general anesthesia with isoflu-
rane (2.0% for induction and 1.0% for maintenance for the 
KO mice due to anesthesia sensitivity, and 3.0% for induc-
tion and 2.0% for maintenance for the control mice) [1, 5].

We conclude that an early age of Ndufs4 KO mouse 
shows disorders in bioenergetics that are manifested by 
elevated lactate levels. The usefulness of brain CEST and 
1H MRS in mitochondrial disorders will need to be further 
explored in the future.
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Fig. 1   Representative T2W 
image of KO mouse brain. a An 
image at 5 weeks of age. b An 
image at 9 weeks of age show-
ing hyperintense lesions located 
in the postlateral portion of the 
brainstem (T2WI T2-weighted, 
KO knockout)
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